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SUMMARY
T h is  t h e s i s  i s  c o n ce rn e d  w i t h  th e  s e a rc h ,  on an e m p i r i c a l  b a s is ,  
f o r  q u a n t i t a t i v e  s t r u c t u r e / a c t i v i t y  r e l a t i o n s h i p s  (QSAR's) r e l a t i n g  th e  
d ru g  a c t i v i t y  o f  a g iv e n  t y p e  o f  m o le c u le  to  i n d i c e s  o f  i t s  b io c h e m ic a l  
r e a c t i v i t y .  The u t i l i t y  o f  such r e l a t i o n s h i p s  l i e s  i n  t h e i r  a b i l i t y  b o th  
t o  e l l u c i d a t e  t h e  mechanism o f  d ru g  a c t i o n ,  and t o  p r e d i c t  th e  d ru g  
a c t i v i t y  o f  an u n te s te d  m o le c u le  o f  th e  same t y p e .  M os t o f  th e  r e a c t i v i t y  
i n d i c e s  used h e r e in  a re  e l e c t r o n i c  p r o p e r t i e s  o f  th e  m o le c u le ,  o b ta in e d  
fro m  CNDO/2 MO c a l c u l a t i o n s .
I n  C h a p te r  1 ,  th e  b a s is  f o r  u s in g  th e  fo rm  o f  QSAR known as th e  
l i n e a r  f r e e  e n e rg y  r e l a t i o n s h i p  (LFER) to  e x p la in  i jn  v i v o  as w e l l  as 
i n  v i t r o  -drug a c t i v i t i e s  i s  d is c u s s e d .  S e c t io n  1 o f  C h a p te r  2 i s  a 
r e v ie w  o f  th e  H ucke l MO r e a c t i v i t y  i n d i c e s  and t h e i r  use i n  QSAR’ S. 
S e c t io n  2 in t r o d u c e s  SCF MO t h e o r y  and th e  ZDO a p p r o x im a t io n .  The ty p e s  
o f  i n d e x  w h ich  may be c a l c u l a t e d  f ro m  SCF w a v e fu n c t io n s  a re  d i s c u s s e d ,  
a lo n g  w i t h  t h e i r  p h a r m a c o lo g ic a l  a p p l i c a t i o n s .  The i n d i c e s  used i n  th e  
p r e s e n t  work a re  p ropounded  i n  S e c t io n  3 .  An MO and r e g r e s s io n  p rog ram  
(MOREG), w h ic h  c a l c u l a t e s  th e s e  i n d i c e s  and uses them to  p ro d u c e  QSAR’ S, 
i s  d e s c r ib e d .
MOREG c a l c u l a t i o n s  on s e r i e s  o f  a n t i t u m o u r  p h e n y l  t r i a z e n e s  and 
o i - f o r m y l t h io s e m ic a r b a z o n e  ( l \ l ) - h e t e r o c y c le s  a re  d e s c r ib e d  i n  C h a p te rs  3 
and 4 , r e s p e c t i v e l y .  I n  C h a p te r  5 , s i m i l a r  c a l c u l a t i o n s  a re  d e s c r ib e d  
f o r  two s e r i e s  o f  CIVS d e p re s s a n t  1 ,4 - b e n z o d ia z e p in e s .  The e x t e n s io n  o f  
th e  CNDO/INDO p rogram  to  a fo rm  p e r m i t t i n g  c a l c u l a t i o n s  on th e  
a n t i t u m o u r  P t  C ^  a n a lo g u e s  i s  d e s c r ib e d  i n  C h a p te r  6 .
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C H A P T E R  1
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BIOLOGICAL EVENTS IN  RELATION TD DRUG DESIGN
The p h y s i o l o g i c a l  a c t i o n  o f  a compound i s  a f u n c t i o n  o f  i t s
( 1)c h e m ic a l  c o n s t i t u t i o n  . The p u rpose  o f  t h i s  c h a p te r  i s  t o  p r e s e n t  
and j u s t i f y  a s i m p l i f i c a t i o n  scheme aimed a t  r e a c h in g  w o rk a b le  
a p p r o x im a t io n s  to  t h i s  f u n c t i o n .  M os t o f  th e  j u s t i f i c a t i o n  i s  drawn 
fro m  th e  l i t e r a t u r e .  Some a d d i t i o n a l  d e r i v a t i o n s  have been deemed 
n e c e s s a ry ,  how ever, t o  c o m p le te ' t h e  p h a r m a c o k in e t ic  a rg u m e n ts .  These 
d e r i v a t i o n s  a re  g iv e n  i n  a p p e n d ix  1 and o n ly  t h e  r e s u l t s  a re  p re s e n te d  
i n  t h i s  c h a p te r .
The r e l a t i o n s h i p  between p h y s i o l o g i c a l  a c t i o n  and c h e m ic a l  
c o n s t i t u t i o n  f o r  a g iv e n  t y p e  o f  compound and b i o l o g i c a l  sys tem  i s  
r e f e r r e d  to  as t h e  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p  (S A R ). B e fo re  we 
can b e g in  t o  f o r m u la te  t h i s  r e l a t i o n s h i p  a l g e b r a i c a l l y ,  we m ust d e f in e  
a q u a n t i t y  t o  e xp re ss  th e  degree  o f  p h y s i o l o g i c a l  a c t i o n  ( t h e  depen den t 
v a r i a b l e ) ,  and q u a n t i t i e s  t o  e xp re ss  th e  c h e m ic a l  c o n s t i t u t i o n  ( t h e  
in d e p e n d e n t  v a r i a b l e s ) .  I n  th e  deve lopm en t o f  such a q u a n t i t a t i v e  
SAR (QSAR), i t  i s  u s u a l  t o  e x p re s s  th e  degree  o f  p h y s i o l o g i c a l  a c t i o n ,  
o r  d rug  a c t i v i t y  o f  th e  compound, as th e  n e g a t i v e  lo g a r i t h m  o f  th e  
c o n c e n t r a t io n ,  C, o f  d rug  r e q u i r e d  to  e l i c i t  a d e f in e d  re sp o n se  i n  
th e  b i o l o g i c a l  sys tem :
1
drug  a c t i v i t y  = pC = = “  **LO- '|0
Here C i s  u s u a l l y  an ave rage  c o n c e n t r a t io n  i n  t h e  o rg a n is m  c o n c e rn e d ,  
b e in g  th e  dose i n  moles o r  m i l l i m o l e s  p e r  K i lo g ra m  o f  o rg a n is m ,  
r e q u i r e d  to  e l i c i t  th e  d e f in e d  re s p o n s e .
The c h e m ic a l  c o n s t i t u t i o n  may be q u a n t i t a t i v e l y  r e l a t e d  t o  d ru g  
a c t i v i t y  on an e m p i r i c a l  b a s is  by a p p o r t i o n in g  f r a c t i o n s  o f  th e  pC t o  
th e  v a r io u s  m o le c u la r  f ra g m e n ts  o r  s u b s t i t u e n t s .  Thus, g iv e n  a s e r i e s
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o f molecules o f known drug a c t iv i t y  w ith  a common s k e le ta l s tru c tu re ,
but a range o f d i f fe r e n t  s u b s titu e n ts , i t  is  p o ssib le  to  p re d ic t the
a c t iv i t y  o f a molecule w ith  the  same skeleton  and a new combination o f
the su b stitu en ts  in  th is  range. This method o f  drug design was f i r s t
( 2)used by Bruice e t  a l , but is  norm ally associated w ith  Free and
(3 )  .U ils o n ' . I t  is  not pursued here.
Our aim is  to  r e la te  e f fe c t  to  cause, by c h a ra c te r is in g  the
chemical c o n s titu tio n  by p h ys ica l o r chemical p ro p e rtie s  th a t  a re , a
p r io r i ,  q u ite  detached from the drug a c t iv i t y  o f  the compound. A
re la tio n s h ip  between such a p ro p erty  and drug a c t iv i t y  may be p o s tu la ted
a f te r  considera tion  o f the in te ra c t io n  o f the drug w ith  the b io lo g ic a l  
system. I t  is  th e re fo re  necessary to  look fu r th e r  in to  the nature  o f  
th is  in te ra c t io n .
I t  is  u s u a lly  assumed th a t  fo r  every drug th e re  is  a s p e c if ic
ta rg e t  substance, or * re c e p to r* , in  the b io lo g ic a l system. To re p ea t
(4 )the summary o f Korolkovas' " i t  is  g e n e ra lly  accepted th a t  a 
recep tor is  an e la s t ic ,  th ree-d im ensiona l e n t i ty ,  c o n s is tin g  perhaps 
in  most cases o f p ro te in  c o n s titu e n t amino a c id s , whose stereochem ical 
s tru c tu re  is  o ften  complementary to  th a t  o f the drug and which, 
sometimes a f te r  undergoing conform ational change, is  ab le  to  in te r a c t  
w ith  i t ,  u su a lly  in  i t s  p re fe rre d  conform ation, in  o rd er to  form a 
complex held to g e th er by various b inding fo rc e s . As a r e s u lt  o f  th is  
drug-receptor com plexation, a stim ulus is  generated and, in  tu rn ,  
causes a b io lo g ic a l ac tio n  o r e f fe c t*1. Th is  view is  accepted h e re , 
u ith  the c la r i f ic a t io n  th a t the * e la s t ic *  fe a tu re  o f  the  recep to r  
re fe rs  to  the r e v e r s ib i l i t y  o f  i t s  conform ational changes.
flost b io lo g ic a l systems are such th a t  we may d is tin g u is h  a 
compartment c a lle d  the * b iophase*, con ta in ing  receptors  o f  a p a r t ic u la r  
typ e , from the ’ exobiophase*, which is ,  roughly speaking, the f lu id
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surrounding the biophase. The biophase is  norm ally lo ca ted  w ith in  
c e r ta in  c e lls  o f the organism, the p rec ise  p o s itio n  depending on the  
type o f recep to r* The exobiophase is  then the e x t r a c e llu la r  f lu id *
The e a r ly  observations o f M eyer^^ and Q v e r to n ^ * ^ ,  th a t  the
n a rc o tic  a c t iv i t y  o f  various s e rie s  o f  l iq u id  compounds p a ra l le le d
( 8 )t h e ir  o i l /w a te r  p a r t i t io n in g  p ro p e rtie s , were la t e r  r a t io n a liz e d  1
on the assumption th a t  the n a rc o tic  receptors  were p laced in  the  l i p id
p o rtio n  o f  neurones. I t  was p o s tu la ted  th a t ,  when a c e r ta in  c r i t i c a l
concentration  o f drug was a tta in e d  in  the c e l l  l ip id s  (0 *0 3  m o le s / l i t r e
fo r  ta d p o le s ), narcosis occurred* There is  ample evidence th a t  sim ple
re la tio n s h ip s  o ften  e x is t  between the p a r t i t io n  c o e f f ic ie n ts  measured
(9 -1 1 )between each o f a p a ir  o f  o rganic  so lvents and w ater' . Hence,
the o i l /w a te r  p a r t i t io n  c o e f f ic ie n ts  might be expected to  p a r a l le l  the  
l ip id  phase/aqueous phase p a r t i t io n in g  and th e re fo re  the n a rc o tic  
a c t iv i ty  o f  the compounds*
In  s tud ies o f  a v a r ie ty  o f  n a rc o tic  agents, Traube observed a
re la tio n s h ip  between the surface tensions o f  the compounds and t h e i r
(1 2 ) (1 3 )n a rc o tic  a c t iv i t y '  . This work was extended by Uarburg' , who
p ostu la ted  th a t  the n a rc o tic  ac tio n  was brought about by adsorption
o f the n a rc o tic  onto the surface o f  a c e l l  where i t  could in te r fe r e
w i t h  enzyme a c t i o n .
Moore used another physicochem ical param eter in  s tru c tu re  
a c t iv i ty  s tud ies  in  1917^ as a re s u lt  o f  a s e r ie s  o f experim ents  
w ith a la rg e  number o f  d i f fe r e n t  chem icals, he observed th a t  the  
t o x ic i t y  to  in sec ts  o f the vapour o f an organic  compound is  d ir e c t ly  
re la te d  to  i t s  b o ilin g  p o in t.
Much o f  th e  e a r l y  work d e s c r ib e d  above was done w i t h  s e t s  o f
( 8 )homologous s eries* Meyer and Hemmi' ' emphasized th a t  th is  work is
o f l i t t l e  help in  decid ing the  causal p h ysica l p ro p e rty . As Ferguson
( 16- 18)c le a r ly  demonstrated “ ' ,  successive a d d itio n  o f CH2 u n its  in  passing
through such a s e rie s  produces a re g u la r change in  many p h ys ica l 
param eters, any o f  uhich m ight s u b s titu te  the tru e  causal p roperty  in  
c o rre la tio n  s tu d ie s . He suggested a general a lg e b ra ic  form fo r  these  
re la tio n s h ip s :
= k A™ ( 1 .1 )
where: is  the concentration  o f  the i t h  homologue necessary to
e l i c i t  a defined response; is  the physica l p roperty  used as a
d e s c rip tiv e  param eter fo r  the  compound; k and m are constants fo r  the
s e r ie s . Ferguson showed th a t  equation (1 .1 )  holds w e ll fo r  the  to x ic
concentrations o f a s e rie s  o f compounds, s u b s titu tin g  e ith e r  water
(1 6 )s o lu b i l i ty  o r vapour pressure fo r  A . •
Taking the negative  lo g arith m  o f  ( 1 .1 )  y ie ld s : -  
1
lO 910 C = 3 lo g i0  A + b O * 2)
where a = -m and b = - l o g ^  k . I f  A is  a d is t r ib u t iv e  p ro p e rty , such 
as p a r t i t io n  c o e f f ic ie n t ,  o r an e q u ilib r iu m  constant fo r  a re a c tio n  
in  a p a r t ic u la r  phase, then equation (1 .2 )  becomes a l in e a r  fre e  
energy re la tio n s h ip  (LFER). A fte r  re p la c in g  A by the e q u ilib r iu m  
constant, K, we may use the form ula:
AG° = -  R T lo g e K (1 .3 a )
l o g 1Q K = -  A G ° /  2*303  R T ( 1 . 3 b )
where AG° is  the change in  molar fre e  energy in  the forw ard d ire c t io n  
o f the re v e rs ib le  re a c tio n  when a l l  re ac ta n ts  and products are in  
th e ir  standard s ta te s . Employing (1 .3 b ) in  ( 1 . 2 ) ,  we g et:
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lo g 1Q -jr = a ' AG° + b ( 1 .4 )
where a* = a /  2*303 R T ,
I f  we are dea ling  w ith  an a c id ic  or basic s e rie s  o f  drugs w ith  
pK *s close to  the pH o f  the  b io lo g ic a l system (o r  o f  one compartmentM
o f i t ) ,  and i f  only e ith e r  the  io n ized  or unionized form is  a c t iv e ,
then the d is s o c ia tio n  constan t, K , is  l ia b le  to  be c r i t i c a l  to  drug
(1 9 )a c t iv i t y .  In  such cases, o f  which many are known' # a l in e a r  fre e
energy re la tio n s h ip  m ight thus e x is t  between drug a c t iv i t y  and pKfl.
Such has been observed fo r  a s e ries  o f  a n tim ic ro b ia l a c r id in e s ^ 0^,
(21 22)and fo r  c e r ta in  s e rie s  o f  c lo s e ly  re la te d  sulphonamides * ,
The independent v a r ia b le  which seems to  occur most p e rs is te n t ly
( 23)in  b io lo g ic a l LFER*s is  aqueous/organic p a r t i t io n  c o e f f ic ie n t '  •
The organic so lven t used by Hansch and couorkers in  these s tu d ies  is  
n -o c ta n - l -o l ,  on the  basis th a t i t s  hydroxyl group is  a hydrogen 
bonding fu n c tio n * Such functions  are held by a l l  the macromolecules, 
e .g * "phospholip ids, p ro te in s  and n u c le ic  ac id s , which m ight c o n s titu te  
the biophase* In  th is  case, AG° in  equation (1 *4 )  should r e a l ly  be 
replaced by A ju °, the d iffe re n c e  in  chemical p o te n t ia l between standard  
octanol and standard aqueous s o lu tio n s*
A ll the re la tio n s h ip s  discussed above depend fo r  t h e i r  p h ys ica l 
basis on the exis tence o f  e q u ilib riu m  co n d itio n s , e ith e r  w ith  regard  
to  biophase/exobiophase p a r t i t io n in g ,  or to  a c t iv e / in a c t iv e  forms o f  
the drug. O ften cond itions * in  v iv o 1, i . e .  in  the l iv in g  organism , 
are such th a t  these e q u i l ib r ia  are never a tta in e d  a f te r  drug a d m in is tra tio n ,  
because o f i t s  concurrent e lim in a tio n  by the organism. Because o f  the  
com plication produced by such com petitive  processes in  v iv o , i t  may 
be necessary to perform experiments T in  v i t r o * i . e .  to is o la te  a 
given p o rtio n  o f the tis s u e  o f the organism in  order to  study a s in g le
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b io lo g ic a l re a c tio n . The use o f a very sim ple LFER to  describe an 
in  v i t r o  b io lo g ic a l a c t iv i t y  is  commonly f u l l y  ju s t i f i e d .
The jLn vivo  systems o f d ir e c t  in te r e s t  in  th is  th e s is  are a l l  
mammalian. To analyse the fa te  o f a drug upon a d m in is tra tio n  to  a 
given mammal, re fe ren ce  w i l l  be made to  the general scheme presented  
in  f ig u re  1 .1 ,  where the  in c lu s io n  o f d rug -receptor in te ra c t io n  is  
im p l ic i t .  Events such as ab so rp tio n , d is tr ib u t io n  through the t is s u e s ,  
metabolism and excre tio n  determ ine the p h a rm ac o k in e tic s ' o f the drug. 
Sweeping assumptions are req u ired  fo r  the pharm acokinetics to  be 
expressed in  terms o f simple ra te  or e q u ilib r iu m  constants .
Drug — 
(o r a l ) A lim entary Canal
Drug — 
( i . v . )
Membrane
B a rr ie r
U rine
P.T Kidney(e x c re tio n )
L iv e r
(m etabolism )
F igure 1 .1 .  Drug in te ra c tio n s  in  a mammalian organism. 
A bbrevia tions: I . T .  -  In t e r io r  tis s u e  reg io n .
P .T . -  P e rip h e ra l tis s u e  compartment.
For most pharm acokinetic purposes, the mammalian body may be 
considered a multicompartment system, w ith  a l l  compartments d ir e c t ly
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or in d ir e c t ly  in  contact u ith  blood. The ra te  a t uhich exchange o f  
drug between blood and tis su e s  takes p lace depends on the blood flow  
through the tis s u e s , the  volume o f  the t is s u e s , and the  p a r t i t io n in g  
o f drug between blood and tis s u e s . On the  basis o f  s im i la r i t ie s  in  
blood flow  and p a r t i t io n  c o e f f ic ie n ts  between blood and t is s u e s ,  
various tis s u e s  may be grouped to g e th er so th a t  the body may be 
regarded as a two- or th re e - (o r  more) compartment m o d e l^ ^ .
The d i f fe r e n t  regions o f  the  mammalian system enjoy d i f fe r e n t  
le v e ls  o f  v a s c u la r iz a t io n . The drug may ra p id ly  exchange between 
blood and tis su e  in  some reg io n s , such th a t an in s tan tan eo u s ly  
m aintained e q u ilib riu m  o f  concentrations may be assumed. These w e ll 
perfused tis su e s  are marked I , T ,  ( in t e r io r  tis s u e  reg io n ) in  f ig u re  1 ,1 ,  
Together w ith  the blood i t s e l f ,  these tissu es  may be considered as a 
s in g le  compartment, commonly c a lle d  the " c e n tra l11 compartment. Th is  
c e n tra l compartment has no general p h y s io lo g ic a l meaning, but v a r ie s  in  
ex ten t w ith  the p a r t ic u la r  drug under study. The o th e r tis s u e s  may be 
grouped in to  "p e rip h e ra l"  compartments, marked P ,T , in  f ig u re  1 ,1 ,  The 
number o f p e rip h e ra l compartments depends p a r t ly  on the natu re  o f  the  
drug.
The two-compartment pharm acokinetic model fo r  the  mammaliam system
is  shown in  f ig u re  1 ,2 ,  The i r r e v e r s ib le  processes o f  in p u t and o u tpu t
o f drug from the c e n tra l compartment are not accompanied by any e x p l ic i t
consideration  o f  the organs in v o lv e d , such as the kidney fo r  re n a l
(24  25)e x c re tio n . The model is  th e re fo re  described as an "open-system"v 9 ♦
The ra te  constant fo r  drug e lim in a tio n , k , is  the sum o f  the r a te
6
constants fo r  ren a l excre tio n  and m etabolic  d e a c tiv a tio n , these processes  
being assumed to obey f i r s t  o rder k in e t ic s .
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Figure 1 .2 .  Tuo-compartment model
(V c and are the volumes o f  the tuo compartments)
The " a c t iv e ” f ra c t io n  o f  drug in  the c e n tra l compartment is  th a t  
uhich is  in  aqueous s o lu tio n  in  the  plasma (th e  fre e  d ru g ). N everth e less , 
ra te  equations are u s u a lly  expressed in  terms o f the t o t a l  c o n ce n tra tio n , 
C, o f drug in  th is  compartment. I f ,  fo r  s im p lic ity ,  ju s t  one e q u ilib r iu m  
is  considered in  the c e n tra l compartment, th is  being betueen, say, the  
concentration  o f  fre e  drug, C^, and th a t  o f drug bound to  plasma p ro te in s ,  
C. , th e n :-
D
cb = K (uhere: [p] is  the concentration  o f  fre e  p ro te in ;
C_ (p) a K is  the d ru g -p ro te in  asso c ia tio n
a constant)
^b = K (uhere  K = [p] K )
N o u :-
ra te  o f drug e lim in a tio n  = kg C
= k* C_ e f
(uhere k^ is  the tru e  e lim in a tio n  ra te  constant)
ke c = k; c f
k = k* 
e C e
k*e
-1Hence, by absorbing fa c to rs  such as (K + 1) above in to  the ra te  constan ts , 
the e q u i l ib r ia  u ith in  the  compartment are overlooked in  the form alism ,
.For the purpose o f drug design, houever, i t  is  e s s e n tia l to  remember 
the presence o f  such fa c to rs , since e q u ilib r iu m  constants such as Kq 
above might conceivably be c r i t i c a l  to  drug a c t iv i t y  u ith in  a s e rie s  o f  
m olecules,
Tuo methods o f in p u t o f  drug to  the b io lo g ic a l system must be 
considered :-
(a )  In travenous a d m in is tra tio n .
Here ue assume th a t  the drug a tta in s  in s tan tan eo u s ly * a co n cen tra tio n  
[C]° in  the c e n tra l compartment a t  tim e t  = 0 , uhen i t  has zero  
concentration  in  the tis s u e  compartment. The concentration  in  the  
c e n tra l compartment a t  tim e t  is  given by:
[c] ( t )  = a ♦ a2 ■ (1 .5 )
*  The e rro r  in troduced in to  pharm acokinetic fo rm u la tio n  by the
assumption o f instantaneous in p u t o f  drug to  the c e n tra l compartment is
( 61)n e g lig ib le  fo r  ra p id  in travenous in je c tio n ^  J m
uhere: a1 = -  iCJ (k e *  k1 * ' e)
(<* -  jS)
a2 = [C] ( ke + k1 +
F ~ T 5 T
■ ^ = - |  ( ke +k , + k_ l }  { t }  1  ( ( k e +  k i + k - l )2
i
'  4 ke k-1 >
The concentration  in  the  tis s u e  compartment a t tim e t  is  given b y :-
[ T ] ( t )  = b, e * *  + b2 eflt + b3 e " ^  ( 1 .6 )
Uc k1 a1uhere: b„ =1 •  VT (cc + k_.,)
. Ve k1 a2 
2 ~ UT (|3 + k_n)
b3 -  -  (b , ♦ b .)
The d e r iv a tio n  o f equations (1 *5 )  and (1 *6 )  is  given in  appendix 1 (a )
(b ) O ral a d m in is tra tio n .
In  th is  case i t  is  assumed th a t  an even concentration  o f  drug,
[A ]° , appears in  the a lim en tary  canal a t  tim e t  = 0 . The drug is
subsequently tra n s fe rre d  to  the  c e n tra l compartment by an i r r e v e r s ib le
f i r s t  o rder process o f ab sorp tion , u ith  ra te  constant k • The volume
a
o f the a lim en ta ry  canal is  The concentration  in  the  a lim e n ta ry
canal a t  tim e t  is  given by:
[ft] ( t )  = [ A ] V ' k a t
The corresponding concentration  in  the  c e n tra l compartment is  g iven by:
[c] ( t )  = a^  eoC*  + a^ + a^ e a ( 1 .7 )
oc and p  r e ta in  the same d e f in it io n  as fo r  case ( a ) .  The concentra tion  
in  the tis s u e  compartment a t  tim e t  is :
-k  t  -k  t
[l] ( t )  = ^  erft + b2 e-®4 + b3 e a + b^ e ~1 (1 .S )
uhere: V c k^
b1 = ( k j  + oc)
h ^  k lD„ =2 "  UT (k _ 1 + p )
. Wc a3 k1 
3 -  «T (k  -  ka )
b4 = -  .+ b2 + b3)
The d e r iv a tio n  o f equations (1 *7 )  and (1 *8 )  is  given in  appendix 1 (b ) .
Only the  two-compartment model has been considered here e x p l i c i t l y ,  
since i t  s u ffic e s  to  describe the pharm acokinetic p ro p e rtie s  o f  the  
m a jo rity  o f  drugs* A one-compartment model would be adequate fo r  some 
o f these drugs, and the  ap p ro p ria te  form ulae may* be obta ined from th e  
above by s e t t in g  k  ^ and k'^ to  ze ro , i * e *  ig n o rin g  the t is s u e  compartment. 
I t  should be stressed th a t  the trea tm en t here is  meant to  be dem onstrative
ra th e r  than comprehensive. By the same token, the form alism  belou, 
which incorporates  the  d ru g -recep to r in te ra c t io n  in to  the model, is  
only  developed fo r  case (a )  (in traven o u s  a d m in is tra tio n ), w ith  the  
assurance th a t  the extension to case (b ) would be s tra ig h tfo rw a rd ,
Uhen the  drug, D, reaches the biophase, a s e ries  o f in te ra c tio n s  
are considered to  occur, cu lm inating  in  the form ation o f a d ru g -recep to r  
complex:
-  “ t
R + D  ------------ R D
where R represents an unoccupied re c e p to r. Although the d ru g -recep to r
( 26 )in te ra c tio n  in  is o la t io n  is  expected to  obey second order k in e t ic s  ,
the ra te  l im it in g  step o f  the re a c tio n  which occurs in  the biophase
(2 7 )may, in  most p ra c t ic a l  cases, be taken as f i r s t  order • I t  is  
possib le  th a t the concentration  o f  unoccupied re ce p to rs , [r] , remains 
s u f f ic ie n t ly  in  excess o f  [D] , th a t  the  ra te  is  approxim ately f i r s t  
order in  [D ]•
I t  may be assumed th a t  the degree o f p h y s io lo g ic a l ac tio n  o f the  
drug is  determined by the co n cen tra tio n , [R d], o f  d ru g -recep to r complex. 
In  the examples belou, i t  is  also assumed th a t  the re ac tio n  in  the  
biophase is  i r r e v e r s ib le ,  w ith  f i r s t  o rd er ra te  constant k^. Th is  
means th a t  th e  form ation o f R 0 is  i r r e v e r s ib le ,  as would be the case 
in  the ac tio n  o f a chem otherapeutic agent.
I t  is  necessary to  d is tin g u is h  two possib le  lo c a tio n s  fo r  the  
biophase:
(1 )  Biophase contained in  the c e n tra l compartment
In  th is  case equation (1 ,5 )  re ta in s  the same form , but Mk " 
should be rep laced throughout by " (k e + k ^ )11 in  respect o f both f i r s t  
order removal processes. The concentra tion  o f d ru g -recep to r complex
a t  tim e t  is  given by:
[r d] ( t )  = C.J e t t  + c2 e ^ .+  Cj ( 1 .9 )
where: r ^  k r  ( k e + k r  + k i  + >s)
C1 = M  ~  ot(«. .  jgj
.  kr ' ( k e + kr ,+ :k r + <A
C2 "  I J cx.(ai -  $  ’
C3 = -  (C 1 + C2>
= ( ke + kr  + k! + !<_,) { ! }  \  [ ( ke +  kr  + kn + k. , ) 2
-  4 (Ke k_ , + kr  k ^ )
The d e r iv a tio n  o f equation (1 *9 )  is  given in  appendix (1 c )*
I f  ue are concerned w ith  the  la s t in g  e f fe c t  o f  the drug, a f te r  a l l  
fre e  drug has been e lim in a te d  from the organism, then ue must c a lc u la te  
[r d] a t  t  = oo;
,00
[R D] = c
k
“ >®)
( ke + + p) -  <*(ke + kr  + + o$
(1.10)
(2 )  Biophase contained in  the tis s u e  compartment
In  th is  case the  constants a  ^ and a  ^ in  equation (1 *5 )  r e ta in  the
same d e f in i t io n ,  but nou and become:
The m odified form o f equation (1 *6 )  is :
. . - ( k  + k ) t
[t] = b1 e“  + b2 + b3 e r (1 .12)
uhere!. r_i° Uc k1 (k e + k1 + $
b1 lCJ UT (k _ n + kr  + ex) («• -  p)
r 1° uc k1 (kg + ^  + Oi) 
b2 = H  UT (k _ n + kp + p )  (ex -  ^
b3 = - ( b 1 + b2)
The expression fo r  [R dJ as a fu n c tio n  o f tim e is :
+ + ~ (k  * + k ) t
[R. d] = c  ^ e^ + c2 e^ + c3 e ~ r  + (1 *1 3 )
uhere: k b.r  1c„ ='1 ~ oc
kr  b2 
c2 =  (3
kr  b3 
c3 = " (k_* + kr )
c4 = -  ( C1 + c2 + c3}
The d e r iv a tio n  o f equations (1 .1 1 )  -  (1 .1 3 )  is  given in  appendix ( i d ) .
As b e fo re , in te r e s t  is  turned to  the  s itu a t io n  a t t  = °°  :
[" « f  >  c4
b2 b3 ,
r  oL *  p  (k  1 + k )
o v r
= tc] ” y^ kr  |^ ^ ke + k1 + f t  ^k-1  + kr  + f t  ^k-1  + kP
-  oc{kg + k,j + oc) (k^ 1 + kr  + oc) ( k_n + kr )
-  ocp(oi- p) ( ke + ^  + k_1 + kr )jx
M 1. . ,  + kr  *  ° 0  ( k_i+ k r  + ~ p)  ( k_ i + kr ^ l  ” 1
(1 .1 4 )
Considering the com plexity o f  the  "hybrid" ra te  constants <* and 
j3f equations (1 *1 3 ) and (1 ,1 4 )  b rin g  home the com plexity o f  the
m athem atical re la tio n s h ip s  which might e x is t  betueen drug e f fe c t  and 
fundamental pharm acokinetic q u a n t it ie s . However, i f  the fa c to rs  in  
these expressions ra is e d  to  the  power " - I " ,  i , e ,  those in  the  denom inators, 
are expanded in to  p o s it iv e  power s e rie s  using the  binom ial theorem, 
then equations (1 ,1 0 )  and (1 ,1 4 )  take  the general form:
[R of = [C]° fi. k1 kk . k1 (1 .1 5 )
L J “  i , j^ T , l = 0  l j k l  e 1 - 1 1
In  a ttem pting  to  observe, on an em p irica l b as is , re la tio n s h ip s  
betueen the p ro p e rtie s  o f a p a r t ic u la r  drug molecule which determ ine  
the various ra te  constants (g iven  a f ix e d  b io lo g ic a l system) and drug 
e f fe c t ,  i t  is  im possible to  work w ith  the  i n f i n i t e  number o f  terms 
in d ic a te d  by equation ( 1 ,1 5 ) ,  A s t a t i s t ic a l ly  s ig n if ic a n t  observation  
o f a re la t io n s h ip  is  on ly  p o ss ib le  i f  the number o f determ inable  
parameters ( in  th is  case the  the  model re la t io n s h ip  is
considerably les s  than the  number o f  data p o in ts  (drug m olecules in  the  
s e r ie s ) .  To make headway from equation (1 ,1 5 )  in  th is  type o f  e m p iric a l 
search, i t  is  e s s e n tia l to  make sweeping assumptions to  narrow the  
number o f determ inable param eters. I t  is  p a r t ic u la r ly  in s tr u c t iv e  
a t th is  stage to make the  assumption th a t  a s in g le  term in  expansion
(1 ,1 5 )  is  dominant, such th a t :
I M  - . [ « = ]  - W .  ke k1 -1  r
d V A kp k? kr , k8 (1 .1 6 )c pqrs e 1 -1 r
where: d is  the  drug dose in  moles/Kg o f  organism and A/ is  thec
volume o f  c e n tra l compartment in  l i t r e s /K g  o f organism.
As p re v io u s ly  in d ic a te d , a s p e c if ic  le v e l  o f  drug e f fe c t  is  
produced by a s p e c if ic  value o f [R D] • L e t the value o f  [R D] 
producing the a r b i t r a r i l y  assigned c r i t i c a l  response to  the drug be
t~ “i c r i t  e x it[R Dj , and l e t  th is  be achieved by a dose d , so th a t  using
equation (1 *1 6 ) ue g e t : -
rR d! crit = dcrit u « kp k? kr, ksL J c pqrs e 1 -1  r
lo 9 l0  D* D j° r i t  = 1 °9 10 d<=rlt + lo 9 l0  (? c Bpqrs) + p lo g 10 ke 
-  9 1 °9 10 + r  lo g 10 k_n + s lo g 1Q kp
lo g 10 - £ l i  = p lo 9 l0  ke + q lOS10 k1 + r  lo 9 10 k-1  d
+ s lo g 1Q kr  + K (1 .1 7 )
where: K = lo g in  ~ — ^ r f -
[r d] cr
Raking use o f the  theory o f  absolute re a c tio n  ra te s , the  ra te  constants
, X 6 2 )may be expressed ' a s :-
*
k - v - S - L  -  -  AG /R  T 
~ h
*
where: K is  the  transm ission c o e f f ic ie n t  fo r  the re a c tio n ; is  the
a c t iv a tio n  energy o f the re a c tio n ; N °is  Avogadro's Number and h is  
Planck*s constant*
Ue get fo r  equation ( 1 .1 7 ) : -
lO910 R T (p  AGe AG! l  + s AGr> + K'd
UherB! , X e R T ’ * ,  B.T K_1 R T
K = K + p 1 °9 10 N“ + 9 lo 9 lo  N° h + r  lo 9 10 ' |\|° h
X R T 
+ 8 lo g 10 N" h
lO 910 c r i t  = p A Ge + q A G1 + r  A G-1 + s A Gr  + K d
where: P  — — etc*2*303 R T *
Hence, in  the case th a t  approxim ation (1 *1 6 ) is  a p p lic a b le , the  
drug a c t iv i t y  is  revealed  to  be a l in e a r  combination o f  the fre e  energies  
o f a c t iv a tio n  corresponding to  the various  ra te  processes which take  
place upon the  in te ra c t io n  o f  the drug w ith  the b io lo g ic a l system* I t  
should now be re c a lle d  th a t  in  the  pharm acokinetic trea tm en t developed  
here, th e re  is  no e x p l ic i t  in c lu s io n  o f  the e q u ilib riu m  processes* On 
making e x p l ic i t  in c lu s io n  o f  th ese, we would expect a re la t io n s h ip  o f  
the  form:
and b is  a constant*
Above, i  and j  are taken over a l l  the  ra te  and e q u ilib r iu m  processes  
invo lved* However, fo r  a s p e c if ic  s e r ie s  o f  molecules most o f  th e  fre e  
energy terms m ight be e f fe c t iv e ly  constan t. I t  m ight th e re fo re  on ly  
be necessary to  consider one or two fre e  energy terms e x p l i c i t ly ,  the  
re s t  being absorbed in to  the  constant term .
For the  general in  v ivo  case (approxim ations such as (1 *1 6 ) being  
in a p p lic a b le ) , p C is  a com plicated, n o n -lin e a r  fu n c tio n  o f  th e  A G 
and A G°. However, any curve may be approximated by a l in e a r  fu n c tio n  
over a l im ite d  range o f the independent v a r ia b le s *  Furtherm ore, th e  
hypothesis o f  a l in e a r  re la t io n s h ip  is  a good s ta r t in g  p o in t when 
searching fo r  c o rre la tio n s  on an e m p iric a l b as is . H igher powers o f  
the independent v a r ia b le s  would, i f  inc luded  in  the te n ta t iv e  r e la t io n s h ip ,
i 3
+ b (1 .1 8 )
where: AG . is  the fre e  energy change invo lved  in  the j t h  e q u ilib r iu m
lead  to  improved f i t  betueen p red ic ted  and observed values o f  pC, but 
also make the re la t io n s h ip  harder to  ju s t i f y  on a s t a t is t ic a l  basis* 
With these co n s id e ra tio n s , equation (1 *1 8 ) is  ap p lied  to  a l l  the in  
vivo  (as  w e ll as in  v i t r o ) s itu a t io n s  met in  the  present work*
♦
I f  the exact expression fo r  (1 /C ) in  terms o f  the  AG and A G° 
is  not reduced to  LFER form , o r s im p lif ie d  in  any uay, by ta k in g  
lo g arith m s, the advantage in  uorking u ith  pC, ra th e r  than sim ply (1 /C ) ,  
as the dependent v a r ia b le ,  is  perhaps u n c lea r. The reason is  sim ply  
th a t ,  even u ith  a c lo s e ly  re la te d  s e rie s  o f  compounds, (1 /C ) commonly 
v a rie s  through severa l pouers o f  te n . Taking the lo g arith m  sim ply  
places the drug a c t iv i t y  on a more convenient s ca le .
Of the various e q u ilib r iu m  and ra te  processes o ccurring  in  the  
b io lo g ic a l system, i t  is  im portan t to  d is tin g u is h  tuo c a teg o rie s :
(a )  D is t r ib u t iv e  processes, in v o lv in g  the  p a r t i t io n in g  o f  the  drug 
betueen tuo phases.
(b ) Chemical re a c tio n s .
Processes o f  type (a )  are dependent on physicochem ical p ro p e rtie s  o f  
the drug, u h ile  those o f  type (b ) are dependent on chemical r e a c t iv i t y .  
Note th a t  many ueak chemical in te ra c tio n s  could e a s ily  be classed as 
p h ysica l in te ra c t io n s , so th a t  chemical r e a c t iv i t y  in d ic e s  and 
physicochemical in d ice s  are not n e ce s sa rily  independent q u a n t it ie s .
When the question o f  r e la t iv e  chemical r e a c t iv i t y  u ith in  a 
s erie s  o f  c lo s e ly  re la te d  compounds a r is e s , ue may tu rn  to  th e  LFER 
approach used in  p h ys ica l o rgan ic  chemistry^ 2 8 ,2 ^ # By th is  approach, 
the ra te  constant or e q u ilib riu m  constant fo r  a re a c tio n  in v o lv in g  a 
s u b s titu te d  compound, R X, is  p re d ic te d  r e la t iv e  to  th a t  o f  the  
u n substitu ted  p a re n t, R H:
1O9l0  k [ r h}  = <1* 19>
uhere: £ is  the re a c tio n  constant and O' is  the s u b s titu e n t constant
o f X*
In  the Hammett equation , ( 1 .1 9 ) ,  or represents  the e le c tro n ic  e f fe c t  o f
p lac in g  s u b s titu e n t X in  a p o s itio n  meta o r para to  th e  re a c tiv e  cen tre  
(30  31)on the phenyl r in g  ■ 9 . or is  defined  by the e f fe c t  o f  X on the
d is s o c ia tio n  constant, o f  benzoic a c id :
Kfi (X -C 6H4C00H)
°X = lt>910 K ( C,HcC00H)A 6 5
I t  is  th e re fo re  ev id en t th a t  the la rg e r  cry , the g re a te r the e le c tro nA
withdrawing in flu e n c e  o f  X.
T a f t  advanced and extended Hammett*s approach by the  sep ara tio n
(3 2 )o f e le c tro n ic  from s te r ic  e ffe c ts  o f  s u b stitu e n ts  in  a l ip h a t ic  compounds * 
His re fe ren ce  re a c tio n  uas the h yd ro lys is  o f  e th y l a c e ta te . H is s te r ic  
s u b s titu e n t constant, Eg, is  defined  by:
k xEs(x) = iogio i—y S H A
where: kv and ku are the ra te s  o f  h y d ro lys is  o f  X-CH_C00-Et and
a  n 2
CHgCOO-Et re s p e c tiv e ly , and the  su b scrip t *A* denotes acid  co n d itio n s ,
*
T a ft*s  e le c tro n ic  s u b s titu e n t constan t, of , . i s  defined by:
*
or sX 2 .48 1o?10(TT) •  1° 910(1 T )H B H A
uhere *B* denotes basic c o n d itio n s . The reasoning here is  th a t  a c id ic  
h yd ro lys is  does not depend on the  e le c tro n ic  e f fe c t  o f  X, u h ile  basic  
h yd ro lys is  depends on both e le c tro n ic  and s te r ic  e f fe c ts .  Making the
assumption th a t  X produces the same s te r ic  c o n tr ib u tio n  to  the
lo g 1n(k  /k  ) R leaves on ly  the e le c tro n ic  c o n tr ib u tio n . The fa c to r
a c t iv a tio n  energy in  both cases, the  su b tractio n  o f Eg from
*•
1 /2 *4 8  is  req u ired  sim ply to  p lace  cr on the same sca le  as or.
Ormerod, in  1953, was the  f i r s t  to  apply Hammett constants to  
biochem ical r e a c t iv i t y  when he re la te d  them to  the ra te  o f  enzymic
M e tc a lf did  the  same fo r  a ce ty lc h o lin e s te ra s e  in h ib it io n  by phenyl
su ccessfu lly  c o rre la te d  u ith  cr.
D espite  these and many o th e r successes, the use o f  Hammett
type s u b s titu e n t constants to  describe the e le c tro n ic  fe a tu re s  o f  
molecules has the fo llo w in g  shortcomings:
(1 )  The 0  values are e n t i r e ly  e m p iric a l q u a n tit ie s , uhose p h ys ica l 
s ig n if ic a n c e  beyond the prim ary d e f in it io n  is  q u estio n ab le .
(2 )  The wcr e f f e c t 11 o f  a s u b s titu e n t a t  any lo c a tio n  in  a m olecule  
is  only r e l ia b ly  represented by the  ta b u la ted  value i f  the  s itu a t io n  
bears a c lose s tru c tu ra l s im i la r i t y  to  the  standard chemical system 
fo r  which i t  has been eva lu a ted . Data are no t a v a ila b le  fo r  a 
s u f f ic ie n t  range o f  chemical s itu a t io n s .
(3 )  In  the eva lu a tio n  o f  cr, the  a d d itio n  o f  the s u b s titu e n t to  the  
standard chemical system must produce a complex range o f  changes in  
the e le c tro n ic  s tru c tu re , as expressed com pletely by the uavefunction
o f the system. A p a r t ic u la r  p ro je c tio n  o f a l l  these changes describes
the observed change in  e q u ilib riu m  o r ra te  constan t, which s p e c if ie s  
or. Th is  p ro je c tio n  cannot p o ssib ly  be the  best to  describe a l l  manner 
o f observable changes in  chemical p ro p e rt ie s . Attempts have been made
(3 3 )h yd ro lys is  o f  s u b s titu te d  benzoyl c h o lin e s te rs ' . Fukutoand
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phosphates' . A n t ip a ra s ita l a c t iv i t y '  * , a n t ib a c te r ia l  a c t iv i t y '  '
in s e c t ic id a l a c t iv ity ^  and antitum our a c t iv ity ^  have a l l  been
9
to  " fa c to r  out" various types o f  e le c tro n ic  e f fe c t  uhich might be 
associated u ith  a s in g le  s u b s titu e n t* Suain and L u p to n ^ ^  suggest 
tuo independent s u b s titu e n t e f fe c ts ,  d e fin in g  f ie ld  (*3) and resonance 
(R) e f fe c ts *  D espite  the  confidence o f these authors, tuo such 
parameters can scarce ly  describe a l l  the  re le v a n t e le c tro n ic  e ffe c ts  
o f s u b s titu tio n *
(4 )  Problems a r is e  in  the es tim atio n  o f  the e f fe c t  o f  m u ltip le  
s u b s titu tio n s *
No such shortcomings appear in  the  m olecular o r b i t a l  (MO) approach 
to  the  e le c tro n ic  c h a ra c te r is a tio n  o f  molecules* In  th is  approach the  
uavefunction is  obta ined s ep a ra te ly  fo r  each m olecule in  the s e r ie s , and 
i t  is  thus p o ssib le  to  c a lc u la te  the values o f  a l l  p ro p e rtie s  considered  
to  be o f  re levance to  the  type o f  a c t iv i ty  d isp layed , fo r  each m olecule  
in  the s e r ie s *  I t  is  also v a s tly  more expensive than the  Hammett 
approach* The HO method, and the various r e a c t iv i t y  in d ic e s  used in  
th is  work, are described in  the  next chapter*
Returning to  the  in flu e n c e  o f  d is t r ib u t iv e  processes on b io lo g ic a l  
a c t iv i t y ,  i t  is  tem pting to  imagine th a t  c o rre la tio n s  a r is in g  from th is  
in flu e n c e  m ight on ly  be found by the  "extrathermodynamic*’ use o f  
observed physicochem ical p ro p e rtie s , e*g* aqueous/organic p a r t i t iq n  
c o e f f ic ie n ts ,  as independent v a r ia b le s *  In  f a c t ,  a p a r t i t io n  c o e f f ic ie n t  
is  a fu n c tio n  o f  those e le c tro n ic  p ro p e rtie s  o f  a m olecule uhich determ ine  
the f re e  energies o f  in te ra c t io n  o f  the  m olecule u ith  molecules o f  the  
tuo so lven ts* Houever, in  v ieu  o f  th e  com plexity o f  th is  fu n c tio n , the  
extrathermodynamic use o f  la b o ra to ry  measured p a r t i t io n  c o e f f ic ie n ts  is  
sensib le  uherever such data are a v a ila b le *
I t  has been observed th a t the  lo g arith m  o f  p a r t i t io n  c o e f f ic ie n t ,
(4 1 -4 6 )lo g ^ P , is  an a d d it iv e -c o n s t itu t iv e  p ro p erty  o f  a m olecule • I t
is  th e re fo re  p ossib le  to  assign fra c tio n s  o f lo g ^ P  to  p o rtio n s  o f  the  
m olecular s tru c tu re . The f ra c t io n  o f lo g ^ P ,  c a lle d  "n ", associated  
u ith  a p a r t ic u la r  s tru c tu ra l fragm ent remains constant wherever th a t  
fragment appears. The value o f  tt associated u ith  the methyl 
group m ight be c a lc u la te d  thus:
. ~ lO910 P(to lu e n e ) “ lOg10 P(benzene)
= 2*69 -  2*13  
= 0*56
Here the  P values are fo r  the o c ta n o l/u a te r  system. Such tt values
( 4 7 )
have been ta b u la te d  fo r  a la rg e  range o f  arom atic s u b s titu e n ts  •
The tt values are very u se fu l when ue have a s e r ie s  o f  molecules  
u ith  the  same s k e le ta l s tru c tu re  but d i f fe r e n t  s u b s titu e n ts , s ince the  
lo g ^ P  value o f  each is  then sim ply a constant plus the tt value  o f  i t s  
s u b s titu e n t. The ta b u la ted  tt value  may th e re fo re  re p lace  lo g ^ P  in  
c o rre la t io n  a n a ly s is , thus making i t  unnecessary to  measure P fo r  
each molecule in  the  s e r ie s .
Another p roperty  o f  in flu e n c e  in  tis s u e  d is t r ib u t io n  is  m olecu lar
(4 8 .4 9 )s iz e , because o f  i t s  e f fe c t  on membrane p e rm e a b ility ' * . S ize
in d ices  uhich have been used in  re la tio n s h ip s  u ith  b io lo g ic a l a c t iv i t y
(5 0 -5 2 ) (5 3 )in c lu d e  Van der Uaals rad iu s  i t s  square ro o t m olecular
V o lu m e^*^ , and the  T a f t  s te r ic  parameter^ In  the  p resent uork ,
both mean m olecular rad iu s  and m olecular volume are c a lc u la te d , using
£he Van der Uaals r a d i i  o f  the  atoms c o n s titu tin g  the  m olecule . T h is
procedure, uhich does not in c lu d e  the  approxim ation th a t  the  m olecule
is  s p h e r ic a l, is  described f u l l y  in  chapter 2 .
Taking in to  account the  general re levance o f  l i p o p h i l i c i t y ,  as 
represented by tt,  and also e le c tro n ic  and s te r ic  e ffe c ts  in  drug a c t iv i t y ,
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(5 9 )Hansch and coworkers have employed a l l  th ree  re le v a n t s u b s titu e n t  
constants in  the fo llo w in g  model:-
pC = a n2 + b rr + ^ a  + c Eg + d
The ti? term is  not a l in e a r  fre e  energy term , but i t s  presence has 
been ju s t i f ie d  by num erical experim ents to determ ine the ra te  o f  
passage o f drug through a m u lt ila y e r  system, w ith  a lte rn a te  w ater and 
l i p id  la y e rs , as a fu n c tio n  o f  I oQ-jq
In  the p resent w o rk ,{th e  same general re levance o f  l ip o p h i l ic ,  
e le c tro n ic  and s te r ic  e ffe c ts  is  assumed. C alcu la ted  e le c tro n ic  and 
s ize  parameters are used in  con junction  w ith  tab u la ted  n va lues .
However, there  is  no squaring o f these term s, the approach being 
s t r i c t l y  one o f LFER's. The decis ion  as to  which o f these param eters  
to inc lude  in  any p a r t ic u la r  regression  is  made on the basis o f  s t a t i s t ic a l  
s ig n if ic a n c e .
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C H A P T E R  2.
REACTIVITY INDICES.
2#1 . HUCKEL THEORY OF CHEMICAL REACTIVITY AND ITS U5E IN  
PHARMACOLOGICAL QSAR* s#
The m olecular o r b i ta l  theory o f  chemical r e a c t iv i t y  has i t s  
roo ts  in  the Huckel ap p ro x im atio n ^ *^  fo r  conjugated molecules# To
n
re c a p itu la te  the  Huckel fo rm u la tio n , on ly  tt e le c tro n s  are considered
e x p l ic i t ly  and th e ir  mutual in te ra c t io n  i s  ignored# The n tt- M 0 * s
(l|L , i= 1 ,# # n ) o f  a m olecule are each expressed as a l in e a r  combination
o f the n p atomic o r b ita ls  (j^ ) : -  . z r y
n
Ui. = ^
1 r i  r
where the are the c o e f f ic ie n ts  associated  w ith  MO " i"#  U ith  the
neg lec t o f  o v e rla p , the v a r ia t io n  theorem gives the  fo llo w in g
re la tio n s h ip  between the elements o f  the Ham iltonian J i^ , th e
c o e f f ic ie n ts  C . and the eigenvalue £ . ,  o f an MO:- rx  1
^  K  C . = C . 6 . fo r  a l l  r  and a l l  i#^  rs  s i  r i  is
Diagonal elements o f the  H am ilton ian  ( th e  "coulomb in te g ra ls " )
are denoted oc : -  r
° - r  = d T
The standard value fo r  the carbon atom is  denoted oC •o
The o ff-d ia g o n a l elements o f . th e  Ham iltonian (th e  "resonance in te g ra ls "  
are denoted by p  : -
£ r s  = f K  dX
The s t a n d a r d  v a l u e  f o r  a  C-C T T-b on d  i s  d e n o t e d  p Q» The e i g e n v a l u e s
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are co n ven tio n a lly  expressed in  terms o f oC and Ro r o
:i  P£  . = oC + k .1  o 1 r o
where k^ is  a dim ensionless q u a n tity  which may be used in s tead  o f  
£■£ to  s p ec ify  the o r b i ta l  energy#
The f i r s t  q u a n tity  considered l i k e ly  to  in d ic a te  th e  s u s c e p t ib i l i ty  
o f a p a r t ic u la r  atomic c e n tre , r ,  to  e le c t r o p h il ic  a tta c k  was the  
tt—e lec tro n * charge associated  w ith  th a t  c e n t r e ^ '^ ^  
occ
q = 2  C . ( 2 . 1 )r  < .  n  v ■
i
However, fo r  a l l  n e u tra l a lte rn a n t  hydrocarbons, q^ is  u n ity  a t  each 
centre# Uheland and P a u l in g ^ ^  th e re fo re  determined "a c tiv e "
»
p o s itio n s  by considering  the r e la t iv e  magnitudes o f the  charges q^, 
produced in  the  "p o la rize d "  m olecule , the  p o la r iz a t io n  being caused 
by the f i e l d  o f  the approaching charged reagent# The e f fe c t  o f  the  
charged reagent is  represented by a change S o in  the  coulomb 
in te g r a l ,  oc^9 a t  the p o s it io n , r ,  o f  a ttack# The re s u lta n t  charge 
a t r  may be w r it te n , to  f i r s t  o rd e r, a s : -
q = q + TT S oc r  r  r r  r
where TTr r  is  the  " s e l f - p o la r iz a b i l i t y "  o f atom r# Coulson and 
(6 5 )Longuet-H iggins 1 derived  expressions fo r  t t - and fo r  the  corresponding
c h a n g e s ,  Se , in  t h e  T T - e le c t r o n  e n e r g y :
£ e  = q SoC + i  tt Soc 2  + h ig h e r-o rd e r termst  r  r r  r
*rr thus determ ines the  second o rd er in te ra c t io n  energy, and from  
simple p e rtu rb a tio n  theory is  given b y :-
occ unocc c 2 c 2
" r r = 4 S  ^  T “ f "  ( 2 ,2 )
i  j  i  j
C ritic is m s  o f  the above "See" p e rtu rb a tio n  scheme have been 
voiced by B ro w n ^ ^ . He suggests the e le c tro p h ile  be represented  
as a u n it  p o in t charge, x , so th a t  the  change in  the coulomb in te g r a l  
a t r  may be approximated b y :-
x  - * 2
r  = T n xr
where £ is  the  " e f fe c t iv e 11 d ie le c t r ic  constant a llo w in g  fo r  the
in flu e n c e  o f the s o lven t and R is  the d is tance between x and thexr
centre  r .  Taking £ /v'1 , then even a t  R = 5  A, $ 0C is  about 2eVxr 9 r
i . e .  about the same order o f  magnitude as /6 q. The p o la r iz a t io n  
e f fe c t  must th e re fo re  be la rg e  and must a f fe c t  centres o th e r than the  
" a c tiv e "  one to  a considerab le  e x te n t.
N everthe less , q and tt taken to g e th er have been found to  g ive  r  r r
. (6 7 )a good account o f o r ie n ta t io n  e ffe c ts  in  chemical s u b s t itu t io n  • 
Both in d ice s  may a lso  be used to  compare the  r e a c t iv i t ie s  o f  s ite s  
in  d i f fe r e n t  m olecules, so they may be used in  s t r u c tu r e -a c t iv i ty  
work.
The HQckel index o f  TT-bond s tren g th  between atoms r  and s is
the TT-bond o rd e r, P : -rs
o c c
P = 2  rs < >  C . C . ( 2 .3 )r i  S1
T T-b o n d  o r d e r s  a r e  kn o w n  t o  c o r r e l a t e  w e l l  w i t h  v i b r a t i o n a l  s t r e t c h i n g
( 68)
f r e q u e n c i e s  a n d  w i t h  b o n d  l e n g t h s '  .
I f  charges and p o la r iz a b i l i t ie s  are in d ic a t iv e  o f s ite s  
su scep tib le  to  h e te r o ly t ic  a tta c k , i . e .  a tta c k  by a charged species, 
then they cannot, on the  same p h ysica l b a s is , be used in  the case o f  
hom olytic a tta c k . An index form ulated u ith  fre e  ra d ic a l s u b s titu tio n  
s p e c if ic a l ly  in  mind has been supplied by C o u ls o n ^ ^ . Th is  is  
c a lle d  ’'fre e  va lence11, Ff , s ince i t  estim ates the re s id u a l ir-bonding  
c a p a b ility  o f  atom r : -
F = N -  N (2 .4 )r  max r  v • /
where N is  the  sum o f  the  bond orders between atom r  and i t s  r
neighbours, and N is  the th e o re t ic a l maximum value fo r  N max r
(N = j3  fo r  carbon). This index has had considerab le  success max * '
determ ining m olecular s ite s  prone to  fre e  ra d ic a l a t t a c k ^ * ^ , and has 
also been used su ccess fu lly  to  c o rre la te  r e la t iv e  re a c tio n  ra te s  in  
a s e rie s  o f compounds^0^.
The in d ices  q ,  tt , P and F are c la s s if ie d  under the  x* r r 7 rs  r
• 'is o la te d  molecule" model o f  chemical r e a c t iv i t y  since they make no 
e x p l ic i t  re fe ren ce  to  the t r a n s it io n  s ta te  formed between the  m olecule  
and the a tta c k in g  reag en t. Since i t  is  the energy o f  the t r a n s it io n  
s ta te  which determines the ra te  o f  an ir r e v e r s ib le  re a c tio n , attem pts  
have been made to  c a lc u la te  th is  by the  Huckel method.
The " lo c a lis a t io n "  model concerns i t s e l f  w ith  the  change in
Tr-e lec tron  energy on form ation o f  a "Uheland In te rm ed ia te "  in  arom atic
(7 1 )s u b s t itu t io n , th is  being assumed to  be the  t ra n s it io n  s ta te  .  The 
geometry o f  the Uheland In te rm ed ia te  formed during s u b s titu t io n  a t  
C-atom r  o f  benzene, by X, is  shown in  f ig u re  ( 2 . 1 ) .
‘H
F igure  2 .1 .  The Uheland In te rm e d ia te .
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I t  may be seen th a t th is  interm ediate i s  concerned uith  a stage when 
both X and H are bonded to r , i*e* before the subsequent departure 
o f H* The e f f e c t iv e ly  tetrahedral d is tr ib u tio n  o f atoms about r 
means th a t r has l o s t  i t s  TT-bonding to the other carbon atoms in  the 
r in g , Houever, a resid u a l Tr-system s t i l l  e x is t s  betueen the other  
f iv e  carbon atoms in  the r in g , and th is  Tr-system has a non-bonding 
molecular o r b ita l (NBMO). The lo c a lis a t io n  energy, l_r , i s  the 
d ifferen ce  betueen the energy o f  th is  residu al TT-system, ED, and the 
energy, E, o f  the o r ig in a l TT-electron system:
Three values o f  may be associated u ith  any p a r t ic u la r  s ite *
4. • «
These are l_r * and l_r  re s p e c tiv e ly , depending on uhether X is  an 
e le c t r o p h i l ic ,  fre e  ra d ic a l o r n u c le o p h ilic  reag en t, re s p e c tiv e ly *
4* #  "■L , L and L may be considered as the energies required to lo c a l is e  r r r
2, 1 or 0 e lec tr o n s , r e sp e c tiv e ly , from the TT-system onto atom r*
Good c o rre la tio n s  u ith  ap p ro p ria te  re a c tio n  ra te  data have been
obtained using exact values o f L+ ^ ^ ,  L V  and • Ar . r r
convenient approximate method o f  c a lc u la t in g  l_r  is  a v a ila b le  fo r
( 7 3 )
a lte rn a n t hydrocarbons' . The " r e a c t iv i ty  number", N^, sim ply  
determined from the  c o e f f ic ie n ts  o f  the  NBWO o f the re s id u a l TT-system*
Some more re ce n t models o f  chemical r e a c t iv i t y  assume th a t  
( 7 4 )
charge t r a n s fe r ' occurs betueen th e  m olecule and the  approaching  
reag en t, and th a t  the  ease u ith  uhich th is  takes p lace determ ines : 
r e a c t iv i t y .  S tro n g ly  invo lved  in  charge tra n s fe r  processes are  the  
s o -c a lle d  " f r o n t ie r "  o r b i ta ls ,  these being th e  h ighest occupied HO 
(HOmo) and the  lo u e s t empty MO (LEMO). I f  ue are considering  a s e r ie s  
o f donor molecules form ing a complex u ith  a common accep to r, the  
frequency o f  the charge tra n s fe r  band is  l in e a r ly  re la te d  to  the
-  J I -
energy o f the  HOMO (^^ q^q) the donor m olecule^2 2 ,8 ° ^ . Hence,
^HOMQ ^ec^c*es ease w ith  uhich a molecule may donate an e le c tro n  
to  another species. Conversely, the energy o f the LEMO (6  ^ g ). m ight
be expected to  determ ine the ease u ith  uhich the m olecule u i l l  accept 
an e le c tro n .
U ith  the r e a c t iv i t y  o f  s p e c if ic  s ite s  in  the  m olecule in  mind,
(75  76) fFukui e t  a l  * defined  the  " f r o n t ie r  e le c tro n  d e n s it ie s " , f  andr
Nf  , to  in d ic a te  the  s u s c e p t ib i l i ty  o f s i te  r  to  e le c t r o p h il ic  and 
n u c le o p h ilic  a tta c k , re s p e c t iv e ly : -
f r  = 2 Crh
f “ = 2  ( 2 . 6 )
uhere h denotes the HOMO and 1 denotes the LEMO.
(7 7 )Despite g re a t sucess in  p re d ic tin g  the re a c tiv e  s ite s  u ith in  m olecules ,
these in d ice s  have the disadvantage th a t  they cannot s t r i c t l y  be used 
to  compare r e a c t iv i t ie s  a t  s ite s  in  d i f fe r e n t  m olecules. T h is  is  
because o f the n o rm a lisa tio n  p ro p erty  o f M 0*s, uhich means th a t  the  
la rg e r  the  m olecule, the  more th in ly  spread is  the e le c tro n  d en s ity  
associated u ith  any given o r b i t a l .
The same c r it ic is m  cannot be ap p lied  to  the  sequel o f  f r o n t ie r
e le c tro n  d e n s ity , namely the s u p e rd e lo c a lis a b il ity , uhich has a lso
( 78)been developed by Fukui and couorkers .  Using a th e o re t ic a l
d e r iv a tio n  o f  an energy o f  hypercon jugation , in v o lv in g  many dubious
E Nstep s, the fo llo w in g  in d ic e s , and Sf , fo r  s u s c e p t ib i l i ty  to  
e le c t r o p h il ic  and n u c le o p h ilic  a tta c k  re s p e c tiv e ly , are o b ta in e d :-
occ • 2
SE = 2 S  (2 .7 )
*  ^  k,
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unocc 2
Sr  = ‘  2 ^  “ k T  ' I 2'*8 )
D espite  th e ir  lac k  o f a firm  th e o re t ic a l b as is , these in d ices  do 
have a c e r ta in  in t u i t iv e  appeal i f  the fa c to r  1 /k ^  is  thought o f  
as a w eighting fa c to r  to  be associated u ith  the a c c e s s ib il i ty  o f  
the  charge in  the  p a r t ic u la r  o r b i t a l .
Because o f the w eighting fa c to r  1 /k^  associated  w ith  each term
in  the summation, Fukui e t  a l  suggest th a t  the dominant c o n trib u tio n s  
E Nto and 5^ should come from the HOMO and LEMO terms re s p e c tiv e ly ,
i . e . : -
_ 2 C1. f E
S r - T T ^ - I T -  ( 2 - 9)r  h h
2  c2,
= - r  ( 2 - 10)r  Ki  Ki
I t  is  claimed th a t  these equations provide a th e o re t ic a l foundation
fo r  the f r o n t ie r  o r b i ta l  hypothesis . However, Greenwood and
(6 7 )McUeeny c le a r ly  p o in t o u t' '  th a t  the w eighting  fa c to r  favours  
the  f r o n t ie r  o r b i ta l  terms as a consequence o f  one o f  the  gross 
approxim ations made in  the d e r iv a tio n .
A b e tte r  foundation fo r  the f r o n t ie r  e le c tro n  hypothesis has
( 7 9 )
been provided w ith  resp ec t to  e le c t r o p h il ic  a tta c k  by Broun' .
In  Brown*s model, the energy o f charge tra n s fe r  com plexation, U, 
is  c a lc u la te d  by c o n fig u ra tio n  in te ra c t io n  between the ground s ta te  
o f the molecule and those s ta te s  corresponding to  tra n s fe r  o f  an 
e le c tro n  from each occupied o r b i ta l  o f  the  m olecule in  tu rn , to  a 
vacant MO o f the e le c tro p h ile . In  the  c a lc u la t io n s , i t  is  found 
th a t  only the  ground s ta te  and the s ta te  corresponding to  t r a n s fe r
from the HOMO o f the m olecule, taken to g e th e r, make a s ig n if ic a n t  
c o n tr ib u tio n  to  the secu la r determ inant. Exclusion o f  o th e r s ta te s  
leads to  the e q u a tio n :-
the resonance in te g r a l  connecting s it e  r  to the e le c tro p h ile  
(assumed zero fo r  a l l  o th er s ite s  in  the m o lecu le ). The charge 
t ra n s fe r  energy thus obtained is  u s u a lly  expressed as the  "Z v a lu e *1 
o f s i t e  r ,  w here:-
z = - f
r N
From equation (2 .1 1 )  i t  is  c le a r  th a t  the m olecular fe a tu re s
El 2which determ ine the  charge tra n s fe r  energy are and f  (C . ) .
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U n fo rtu n a te ly , however, on ly  one o f  the  tuo terms in  (2 .1 1 )  which
are dependent on m olecular fe a tu re s  can be eva luated  w ith o u t
knowledge o f the p ro p e rtie s  o f  the  e le c tro p h ile .  Th is  knowledge is
unnecessary, however, to  assign th e  a c tiv e  p o s itio n s  in  a s in g le
m olecule, s ince th is  w i l l  be the same as assignment according to  
Ef  , assuming A to  be constant fo r  each s i t e  r  in  the m olecule , r  i s r
By choosing the  v a lu e s :-
Broun a lso  demonstrated a good c o rre la t io n  between the Z -v a lu e  and 
the ra te  o f n i t r a t io n  in  a s e rie s  o f  arom atic  compounds. I t  is  
c le a r , however, th a t  the system atic  use o f  Z -va lues fo r  c o r r e la t iv e
er £e  -  eh
(2.11)
where: r  denotes the  s ite  o f  a tta c k ; £ is  the energy o f  the vacant©
e le c tro p h ile  o r b i t a l ;  £. is  the o f  the  molecule and $  ish HOMO T e r
work on v a rie d  s e rie s  o f  molecules re q u ire s  th a t £g and
tre a te d  as determ inable param eters.
The p ra c t ic a l performances o f TTr r > F*r , L * ,  N^, and in
c o rre la t in g  r e la t iv e  re a c tio n  ra te  d a ta , fo r  a s e ries  o f  arom atic
compounds, have been compared by S tre itw e is s e r^  . The ind ices  gave
c o rre la tio n s  o f the fo llo w in g  descending o rder o f magnitude:
N >L+ >Z > > tt >F • I t  should be stressed th a t  the  ra te  data  r r r r r r  r
used was fo r  e le c t r o p h il ic  s u b s t itu t io n , so th a t  Ff  m ight not be 
expected to  c o rre la te  w e ll .  N everth e less , even y ith  Fr the  
c o rre la t io n  is  h ig h ly  s ig n if ic a n t .
Most o f  the  r e a c t iv i t y  in d ice s  defined in  th is  sectio n  have been
(8 3 )used in  attem pts to  e xp la in  b io lo g ic a l SAR's. P e ra u lt and Pullm an'
observed a rough p a ra lle lis m  between the Huckel charge and fre e
valence o f  the  amine n itro g en  in  some a ry l amines, and the  ra te  o f
(8 4 )enzymatic a c e ty la t io n  o f  these compounds. B e ll and R o b lin ' 
discovered th a t  the orderin g  o f  the  b a c te r io s ta t ic  a c t iv i t ie s  o f  
some sulphonamides fo llo w ed  th a t  o f the charges on the  amide n itro g e n , 
w hile  a s im ila r  q u a l ita t iv e  re la t io n s h ip  has been observed betueen the  
binding o f  sulphonamides to  serum albumen and the  charge on the  f i r s t  
carbon o f  the amide s u b s t i t u e n t ^ ^ .  Ish d ate  and H a n a k i^ ^  found 
th a t  the ra te  o f  m etabo lic  o x id a tiv e  N -dem ethylation o f s ix  
4 - dimethylamine-azobenzenes c o rre la te d  w ith  the charge on th e  amino 
n itro g e n .
(8 7 )Nakajima and Pullm an' '  sought re la tio n s h ip s  betueen th e  
a n ti tumour a c t iv i t y  o f  e ighteen purines  and and ui ‘thou't
conclusive r e s u lts .  In  a c la s s ic  work, Snyder and M e r r i l  exposed a
marked covariance between and the  h a llu c in o g e n ic  a c t iv i t y  o f
HUrllJ
d if fe r e n t  types o f d r u g s ^ ^ .  Fukui e t  a l ^ ^  revea led  apparent 
re la tio n s h ip s  between the n ic o t in ic  a c t iv i t y  o f some phenylcholinfe  
ethers  and the  and f^  values fo r  the e th er oxygen. An extension
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( 9 1 )o f  th is  study ' t o  nine in -su b stitu ted  phenylcholine e th e rs ,
however, showed th a t  ^gpjQ p a ra lle le d  a c t iv i t y  b e tte r  than any term
associated w ith  a s in g le  c e n tre . On the  o th er hand, Inouye e t  a l^ 9^
have reported  a c o rre la t io n  between the  ra te  o f  h yd ro lys is  o f  n ine
Ephenyl aceta tes  by b u ty ry lc h o lin e s te ra s e  and the f  o f  the phenyl 
carbon to  which the  ace ta te  group is  a ttach ed .
Many e a r ly  works are devoted to  r e la t in g  the  a c e ty lc h o lin e s te ra s e
in h ib it in g  a c t iv i t y  o f  s e rie s  o f  compounds to  quantum chemical
( 86)param eters. Pullman and Valdemoro observed th a t  the charge on
the phosphor? us atom o f f iv e  organophosphates p a r a l le ls  th e ir
(9 3 )a c t iv i t y .  Fukui e t  a l observed a q u a l ita t iv e  re la t io n s h ip
Nbetween the S o f the phosphorous atom in  f i f t e e n  d ie th y l-p h e n y l-
( 9 4 )
phosphates and a c t iv i t y .  Ban and Nagata noted questionab le
c o rre la tio n s  between the charges on the  oxygen atoms o f  the  e s te r
group o f  e ig h t phenyl-N-m ethylcarbam ates and a c t iv i t y .  In  the
Nsame work, rough negative  c o rre la tio n s  w ith  5 and q fo r  the
carbonyl carbon were noted fo r  phenyl-N -m ethylcarbam ates, as
compared u ith  p o s it iv e  c o rre la tio n s  using e x a c tly  the same q u a n tit ie s
( 9 5 )
fo r  some carbam oylcholine d e r iv a t iv e s . P u rc e ll has presented  
data fo r  s ix  s u b s titu te d  carbamoyl p ip e r id in e s  from which he in fe r s  
a c o rre la t io n  between the  amide n itro g en  charge and a c t iv i t y .  The
observations o f  Inouye e t  a l ^ ^  in d ic a te  a good c o rre la t io n  between
N - —
the f  o f  the  carbonyl carbon o f  fo u r n ic o t in ic  acid  d e r iv a tiv e s
and t h e i r  a c e ty lc h o lin e s te ra s e  in h ib it in g  a c t iv i t y .
In  most o f the e a r ly  works described above, the  apparent trends  
and covariances are not given any s t r i c t  q u a n tita t iv e  expression o r  
subm itted to  any s t a t is t ic a l  te s ts  o f  s ig n if ic a n c e . The in fe ren c e s  
made by the  authors are th e re fo re  q u ite  s u b je c tiv e , and wide open to
c r it ic is m . On su b jec tin g  the data o f Inouye e t  fo r  the fo u r
n ic o t in ic  acid  d e r iv a tiv e s  (see above) to  regression  a n a ly s is , i t
is  fo u n d ^ 8  ^ th a t the c o rre la t io n  between f^  and a ce ty lc h o lin e s te ra s e
in h ib it in g  a c t iv i t y  has no s t a t is t ic a l  s ig n if ic a n c e  aqcording to
accepted c r i t e r ia *  Follow ing the  works o f P e ra u lt  and Pullman^83* ^ ^
v 98)
on arom atic amines, Hansch e t  a l have performed regression  
analyses which show th a t  the ra te  o f  a c e ty la t io n  is  p oorly  c o rre la te d  
by the charge on the amine n itro g e n , q, a lo n e, but w e ll c o rre la te d  
by q and tt to g e th er (where tt is  the l ip o p h i l ic  s u b s titu e n t constant 
described in  chapter 1 ) .
An obstacle  to  the  q u a n tif ic a t io n  o f  SAR*s l ie s  in  the handling  
o f b io lo g ic a l a c t iv i t y  data* I f  an attem pt is  made to  measure the  
r e la t iv e  a c t iv i t ie s  o f  a s e rie s  by ad m in is te rin g  a f ix e d  dose, crude 
ra tin g s  u s u a lly  emerge from observation  o f the responses. The d ir e c t  
use o f  such a ra t in g  as the dependent v a r ia b le  in  regression  analyses  
is  tenuous* In  o th er cases, where doses, d, req u ired  to  produce a 
defined response have been a v a ila b le , authors have not fo llow ed  the  
procedure o f ta k in g  the  n egative  logarithm  o f  d* In  observing the  
v a r ia t io n  o f  the ’'raw” d value w ith  th a t  in  a re le v a n t in d ex, an 
extrem ely n o n -lin e a r , g e n era lly  e xp o n en tia l, trend  is  observed.
Feu authors have been bold enough to  q u a n tify  such a tren d * A 
m akeshift method fo r  the  s t a t is t ic a l  trea tm en t o f  both types o f  data  
described above l i e s  in  the ranking o f  each compound in  the s e rie s  
according to  drug a c t iv i t y ,  and also according to  the index* The 
c o rre la t io n  o f  the tuo sets o f rankings is  then found by the  method 
o f Spearman.
(99 )Such use o f  rankings has been made by M e r r i l  e t  a l , who 
stud ied  h istam ine m eth y ltran s ferase  in h ib i to r s .  For a s e rie s  o f  
fo u r chlorprom azine analogues, high rank c o rre la t io n  c o e f f ic ie n ts
are obtained by using ^ g ^ g > the h i 9 hest ^  va lue  fo r  any
cen tre  in  the m olecule, the  5^ o f the sulphur and the L+ o f  the  
n itro g e n , re s p e c tiv e ly , w h ile  fo r  f iv e  sero ton in  analogues, a high
F
c o rre la t io n  was observed w ith  the h ighest f  • The s ig n if ic a n c e  o f
these re s u lts  is  low , however, because o f the  sm allness o f  the
( 102)samples. Yeargens and Augenstein' * have c o rre la te d  the ranking  
fo r  skin  p h o to s e n s itis a tio n  by a s e rie s  o f s ix teen  psoralens w ith  
the ranking fo r  the lo c a lis a t io n  en erg ies , L**, fo r  the 3 , 5 and 8  
p o s itio n s  o f  psoralen .
U ith  the passage o f tim e , the p resen ta tio n  o f s t r i c t ly  
q u a n tita t iv e  SAR*s, which use the negative  logarithm  o f  the  req u ired  
dose as the dependent v a r ia b le , has become conventional in  published  
work. .Cammarata^88  ^ has presented regressions r e la t in g  the  in  v i t r o  
a c t iv i t y  o f  two serie s  o f sulphanilam ides to  the  charge on th e  amide 
n itro g en  and the LEMO c o e f f ic ie n t .  The s ig n if ic a n c e  o f  these has 
been c r i t ic is e d ,  h o u e v e r^ 8^. Neely e t  a l ^ ° ^  have shown how a 
regression  o f the analges ic  a c t iv i t y  o f  s ix  im id a zo lin e  d e r iv a tiv e s  
on tt and tt is  s ig n if ic a n t ly  improved by the  in tro d u c tio n  o f ^ g ^ g *  
A llen  e t  a l ^ 8^  have d isclosed a c o rre la t io n  between the  c h o lin e  
a c e ty ltra n s fe ra s e  in h ib it in g  potencies o f  twenty one a ry l-s u b s t itu te d  
s ty ry lp y r id in e s  and and ^ [ q |  to g e th e r, where both summations
are c a rr ie d  ou t over a l l  a ry l atoms. The c o rre la t io n  is  s ig n if ic a n t ly  
improved by the  in c lu s io n  o f ^.EMO r e 9 ress i ° n»
Encouraging c o rre la tio n s  between the a n t ib a c te r ia l  a c t iv i t y  
o f f i f t y  s ix  a c rid in e s  and charges on r in g  atoms have been obta ined  
by T in lan d  e t  a l ^ 8^ .  Huckel c a lc u la t io n s  on twenty e ig h t  
sulphonamides, s ix  o f  which are th ia z id e  d e r iv a t iv e s , have been 
performed by Shinagawa and S hinagaw a^88^. Reasonable c o rre la t io n s  
are apparent between carbonic anhydrase in h ib i t iv e  potency and the
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Nq o r f  o f  the amide p o rtio n  o f the  sulphonamide group, fo r  a l l  
compounds. For the s ix  th ia z id e  d e r iv a tiv e s  th e re  are c o rre la tio n s  
betueen d iu r e t ic  potency and the  charges on the  r in g  n itro g e n s ,
Uaisser e t  a l ^ ° 6  ^ have presented c o rre la tio n s  betueen the a n t i -  
tu b e rc u lo tic  a c t iv i t y  o f  s ix  thioam ides and both the Huckel charge 
on the  sulphur atom and the  C-S bond o rd e r.
Even fo r  conjugated systems, the confinem ent o f  the  sim ple  
HQckel method to  tt e lec tro n s  can g ive a fa ls e  p ic tu re  o f the  
v a r ia t io n  in  to t a l  charge a t  a p a r t ic u la r  s i t e  as ue progress through  
a serie s  o f s im ila r  m olecules. The cr-e lectron  charge a t  th a t  s i t e  
may not g e n e ra lly  be assumed to  be constant through the s e r ie s , o r  
to be l in e a r ly  re la te d  to  the tt charge. Ad hoc in c lu s io n  o f or-charges 
u ith  Huckel Tr-charges may be made i f  the form er are c a lc u la te d  by
the q u as iem p irica l method o f Del R e ^ * ^ ,  The t o t a l  valence e le c tro n
v NETcharge, Q, o r ne t charge, Q , a t  any cen tre  may then be used in
c o r re la t iv e  uork,
(108)Cammarata and S te in  ' have considered the a c e ty lc h o lin e s te ra s e
in h ib it in g  a c t iv i t y  o f  s ix  s u b s titu te d  3-hydroxyphenyl t r im e th y l-
ammonium s a lts .  They c a lc u la te d  the  HQckel rr-charges and super-
d e lo c a l is a b i l i t y  a t  various  s ite s ,  and also th e  Del R€ 0 -charges a t
t h e  sam e s it e s .  No c o r r e l a t i o n s  a r e  a p p a r e n t  b y  using t h e  T T -c h a rg e s
alo ne, but a f te r  summation o f the  charge c o n tr ib u tio n s  a good
c o rre la t io n  is  found using and fo r  the p heno lic  oxygen atom.
The m uscarin ic a c t iv i t ie s  o f  seven a c e ty lc h o lin e  analogues have been
re la te d  by m u lt ip le  regression  to  f iv e  v a l u e s ^ j h e
s ig n if ic a n c e  o f  the c o rre la tio n s  obta ined is  lo u , houever, s ince
th ere  is  on ly  one degree o f freedom to  d e v ia te  from the  reg ress io n
( 1 1 0 )l in e  in  each case, Carbo and P a r d i l lo s ' '  have s ep a ra te ly  c o rre la te d  
the a c t iv i t ie s  o f fo u r s e rie s  o f s te ro id s , namely c o rtis o n e , p red n iso lo n e ,
te sto stero n e  and oestrone d er iv a tiv e s , u ith  Q values obtained in  the 
manner described above,
Bass e t  a l have made HDckel/Del R i s tud ies  o f t h i r t y  th ree
chloroquine analogues u ith  a n t im a la r ia l a c t iv i t y ,  under the preconception
( 112)o f a DNA in te r c a la t io n ' /  mechanism o f a c tio n . Since in  v ivo
2a c t iv i t y  data are used, tt and tt terms are employed in  the regressions  
to  account fo r  the r e la t iv e  b io a v a i la b i l i t ie s ,  Qv values fo r  c r i t i c a l  
centres are used as in d ice s  o f the e le c t r o s ta t ic  in te ra c t io n  energies  
o f the molecules u ith  DNA, In  order to  get reasonable c o rre la tio n s  
i t  is  necessary to  break doun the chloroquines in to  th re e  subsets , 
according to  the manner o f s u b s t itu t io n . The Qv values appear to  be 
im portant in  some o f the  reg ress io n s, and i t  is  th e re fo re  p o ss ib le
to in te r p r e t  the re s u lts  in  the l ig h t  o f the in te r c a la t io n  model.
The fa c t  th a t  molecules u ith  bulky su b stitu en ts  have a c t iv i t ie s  
belou those p re d ic te d  by such re la tio n s h ip s  is  taken as an in d ic a tio n  
o f s te r ic  in h ib it io n  o f in te rc a la t io n  in  these cases.
P era d e jo rd i e t  a l^ ^ * ^  have made HDckel/Del R§ s tud ies  o f
fo u rteen  te tra c y c lin e s . A good c o rre la t io n  has been obtained u ith
E vxn v it r o  a n t ib a c te r ia l  a c t iv i t y  using the  S and Q values fo r  th re e  
o f the oxygen atoms and QV fo r  a r in g  carbon as independent v a r ia b le s  
in  a m u ltip le  reg ress io n . The d i f f i c u l t y  in  p h ys ica l in te r p r e ta t io n  
o f such expressions, because o f the  la rg e  number o f v a r ia b le s , has 
been r ig h t ly  stressed by Richards and Black^ ' •  M i l ln e r  and P u rc e ll
have noted a c o rre la t io n  betueen the b u ty ry lc h o lin e s te ra s e  in h ib i t in g
a c t iv i t y  o f  some 3 -s u b s titu te d -1 -d e c y lp ip e r id in e s  and the  t o t a l  
valence e le c tro n  charge, Q'J o f the n itro g en  atom o f the s u b s titu e n t.
There are notab le  draubacks to  the HDckel/Del RT§ procedure fo r  
co n sidera tion  o f a l l  valence e le c tro n s . Not the  le a s t  o f these is  the
sheer inconsistency o f the use o f quantum mechanical and q u asiem p irica l 
techniques to g e th e r. U ith  i t s  n eg lec t o f in te re le c tro n ic  re p u ls io n , 
the  simple HQckel method u su a lly  exaggerates m olecular p o la r i t y .
Th is  may not m atte r in  SAR work i f  the exaggeration is  uniform  
through the s e r ie s , since then i t  may be possib le  to use a constant 
sca lin g  fa c to r  to  c o rre c t the charge a t  any p a r t ic u la r  cen tre  throughout 
the s e r ie s . Th is  sca lin g  fa c to r  is  sim ply absorbed in to  the  regression  
c o e f f ic ie n t  r e la t in g  the  charge to  the  drug a c t iv i t y .  However, the  
s ca lin g  fa c to r  should not be ap p lied  to  a Del R§ charge a t th is  c e n tre , 
uhich, because o f i t s  em p iric a l o r ig in  is  u n lik e ly  to  be so exaggerated. 
The to t a l  charge, is  th e re fo re  an inconsequent sum o f  s c a lab le  
and unscalable term s. Another drawback to  the HOckel/Del R£ approach 
is  th a t  the Del Rt§ procedure does not g ive r e l ia b le  e igenvalues  
and e igenvectors fo r  the  o '-o rb ita ls , uhich are necessary to  c a lc u la te  
parameters such as s u p e rd e lo c a lis a b il i t ie s .
Separation  o f valence o r b ita ls  in to  a  and tt sets is  on ly  p o ss ib le  
fo r  p lan ar systems. For non-p lanar systems i t  is  e s s e n tia l to  t r e a t  
a l l  valence e lec tro n s  in  the same way. The e q u iva len t tre a tm en t o f  
a l l  valence e lec tro n s  is  also b e tte r  fo r  p la n ar molecules fo r  the  
reasons given above. Such an e q u iva len t trea tm en t is  provided by 
the ‘'extended Huckel" (EH) method o f  H o f f m a n n ^ A l l  atomic  
o r b ita ls  o f  the valence s h e ll o f  each atom are included in  th e  LCAO.
The method s t i l l  ignores in te r e le c tr o n ic  in te ra c tio n s  ( i . e .  i t  is  
an "independent e le c tro n "  method), though the  zero overlap  approxim ation  
fo r  o r b ita ls  on d i f fe r e n t  centres is  abo lished . The d iagonal elements  
o f the one e le c tro n  H am iltonian are assigned e m p iric a l va lu e s , u h ile  
the o ff-d ia g o n a l elements are c a lc u la te d  from the corresponding  
elements o f the overlap  m atrix  by a M u llik e n  type approxim ation .
The re te n tio n  o f  overlap  means th a t  a procedure such as the
. . (117)M u llike n  population  a n a lys is  must be used to d e fin e  the p o rtio n
o f the m olecular pool o f  valence e lec tro n s  associated u ith  a
p a r t ic u la r  c e n tre , A :-
n
° A =  ^  i .
H( a) ■?=!
uhere the elements o f  the bond o rd er m atrix  are defined  b y :-  
occ
^  Cp i Cv i  
i
and the elements o f the overlap  m a tr ix  are defined b y :-
sr  = 4 -N >
The symbols tf i t and *v f above r e fe r  to  atomic o rb ita ls * , and the  
sym bol-'.i* re fe rs  to  the m olecular o r b i t a l .
A ppropriate  re d e f in it io n s  o f o th e r simple HQckel r e a c t iv i t y
(118)in d ic e s , com patible u ith  EH th e o ry , are given by Lukovits  e t  a l •
These authors have found sim ple c o rre la tio n s  betueen th e  adrenerg ic
blocking a c t iv i t y  o f  some 3^ -phenylethylam ine d e r iv a t iv e s , and
extended HQckel fre e  valences, m olecular d ip o le  moment and 
(119)Andrews '  uses EH charges and d ip o le  moments in  the  search fo r  
a c o rre la t io n  u ith  an tico n vu lsan t a c t iv i t y  in  a s e rie s  co n ta in in g  
b a rb itu r ic  a c id s , 5 -phenylhydanto ins, succin im ides, o xazo lid in d io n es  
and g lu ta r im id e s . Considering th e  d iv e rs ity  o f the  s e r ie s , i t  is  
s u rp ris in g  to  feu  th a t  no c o rre la tio n s  are observed from th is  study. 
However, the common s tru c tu ra l fe a tu re s  and pharm acological e f fe c t  
make i t  q u ite  conceivable th a t  a l l  f iv e  types o f  compound have the  
same re c e p to r. Th is  may exp la in  the good c o rre la tio n s  obta ined  
using p a r t i t io n  c o e f f ic ie n ts  in  a subsequent u o tk ^ ^ ^  on e x a c tly
the same s e r ie s ,
( 121)Uohl' 7 has made an in ten se  EH study o f t h i r t y  s ix
b e n zo th iad iaz in es . The e n e rg e tic a lly  p re fe rre d  tautom er and
s u b s titu e n t conform ation is  used fo r  each m olecule. Some h ig h ly
r  Ns ig n ifican t m ultiple regressions are obtained, using S and S values
fo r  the  r in g  atoms, s e lf-a to m  and atom-atom p o la r iz a b i l i t ie s ,  the
Tr-charge on the s u b s titu e n t and £unMn, A d d itio n a l independent
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v a ria b le s  o f g re a t p h ys ica l s ig n if ic a n c e  are the  e le c tr o s ta t ic  
p o te n t ia l and e le c t r o s ta t ic  f i e ld  a t  c e rta in  proposed ’’recep to r p o in ts ” 
in  th e  m olecular environm ent, Houever, a crude approxim ation fo r  the  
m olecular charge d is t r ib u t io n  is  used in  c a lc u la t in g  these, uhich 
makes the incumbent m echanistic  deductions tenuous. I t  is  also noted  
th a t  a l l  a v a ila b le  data p o in ts  are not included in  any o f  the  
reg ress io n s,
( 122)Another EH study, by Uald and Feuerv 7 , has considered  
l ip o p h i l ic  as u e l l  as e le c tro n ic  p ro p e r tie s , in  r e la t io n  to  the  
b io lo g ic a l a c t iv i t y  o f  ten coumarins, uhich induce h ep atic  drug 
m etabo liz ing  enzymes. Th is  a c t iv i t y  is  accounted fo r  by severa l 
regression  equations, some o f  uhich in d ic a te  a combined ro le  fo r  
l ip o p h i l ic  and e le c tro n ic  p ro p e r tie s , the form er being inadequate  
alo ne. The best c o rre la t io n  presented , houever, uses on ly  e le c tro n ic  
p ro p e rtie s , namely: the  lo u e s t e le c tro n ic  t r a n s it io n  energy ( th e
d iffe re n c e  betueen £. and ^ un(¥iri) and the  net charges a t  th e  r in gL tn U  HUriu
oxygen and carbonyl carbon. I t  is  e v id en t th a t  in c lu s io n  o f  the  
t r a n s it io n  energy term makes the  l ip o p h i l ic  term g ra tu ito u s .
Covariance betueen these tuo q u a n tit ie s  may in d ic a te  a ro le  fo r  
second order p e rtu rb a tio n  energies in  s o lu te /s o lv e n t in te ra c t io n s .
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2 .2 .  5CF DO THEORY fiND ITS APPLICATION IN  PHARMACOLOGICAL 5flR«s.
Independent e le c tro n  WO th e o ry , as exem p lified  by the HQckel
method, has many p ra c t ic a l as u e ll  as th e o re t ic a l d e fe c ts . These
(123)defects  have been discussed f u l l y  e lseuhere . From the p o in t
o f  view o f s t r u c tu r e -a c t iv i ty  uork, the  most serious p ra c t ic a l  d e fe c t
is  the  gross exaggeration o f  p o la r i t ie s  in  the  m olecular charge
d is t r ib u t io n .  Th is  exaggeration is  apparent uhen the d ip o le  moments
o f molecules as c a lc u la te d  from the Huckel charge d is tr ib u t io n  are
(124)compared u ith  the observed va lu es ' The HQckel d ip o le  moments
o f  fu lven e  and azulene are 4*7 D and 6*9 D re s p e c tiv e ly , uhereas the
observed values are 1*2  D and 1*0 D re s p e c tiv e ly . The EH method is
/125 )eq u a lly  bad in  th is  re s p e c t' J , s ince the d e fe c t a r is e s  from the  
n eg lec t o f  in te r e le c tr o n ic  in te r a c t io n . The f i r s t  order tendency  
o f e le c tro n ic  charge to  accumulate in  the reg ion  o f a r e la t iv e ly  
e le c tro n e g a tiv e  cen tre  is  not tempered by the  second o rd er re p u ls iv e  
e f fe c t  due to  th is  accum ulation.
The f i r s t  and s im p lest method used to  take  account o f  th is  second
order e f f e c t ,  u ith in  th e  simple HQckel fram euork, is  th e  11 co-technique"
(126)o f  Uheland and Wann' . The e f fe c t iv e  coulomb in te g r a l ,  oc^, a t  
centre  r  is  made dependent on the e le c tro n ic  charge, q^, a t  th is  
centre  by the form ula:
oc = <* + (1 -  q_)w P (2 .1 2 )r  r  1
uhere ex. and p  are the  standard coulomb and resonance in te g r a ls ,  and 
cj is  a dim ensionless param eter, fo r  uhich the value 1*4  is  commonly 
u s e d ^ ^ ^ .  Since in  equation (2 .1 2 )  is  dependent on the  e ig envectors  
o f  the occupied W0*s, and these in  tu rn  are dependent pn the  va lu e  
used fo r  o ^ ,  i t  is  necessary to  f in d  s e lf-c o n s is te n t values o f  o 
and q_ by i t e r a t io n .T
Using the co -techn ique, th e re  is  some smoothing out o f c a lc u la te d
(126)m olecular charge d is tr ib u t io n s  • By s e tt in g  co equal to  1 *0 ,
the c a lc u la te d  d ip o le  moment o f azulene is  reduced from 6*9 D to  
(128)3*8 D , though th is  is  s t i l l  w e ll above the  observed v a lu e .
I t e r a t iv e  extended HQckel (IE H ) techniques, ch arac te rised  by the  
charge dependence o f the diagonal elements o f  the H am ilto n ian , are  
also in  common use. The f i r s t  published a ll-v a le n c e  c a lc u la t io n
w ith  charge s e lf-c o n s is te n c y  seems to  be th a t  o f Balhausen and
r  (129)Grayv ' •
The co-technique has been ap p lied  in  HQckel c a lc u la tio n s  on s ix
a n tih is ta m in ic  p h e n ira m in e s ^ *^ . T h e ir  a b i l i t y  to  in h ib i t
synaptosomal dopamine uptake c o rre la te s  u ith  the c a lc u la te d  ^gpjQ
v a lu e . S tr u c tu r e -a c t iv i ty  s tud ies  have been made on n ine ch loroethane  
(131)anaesthetics  1 using the  IEH method. The ra te  o f microsomal
d e ch lo rin a tio n  o f  these is  seen to  c o rre la te  w ith  the po p u la tio n  o f
the most e le c tro n  d e f ic ie n t  carbon p - o r b i t a l ,  and u ith  the  p o p u la tio n
o f non-bonding e lec tro n s ,o n  the c h lo r in e  attached to  th is  carbon.
The in a b i l i t y  o f  these i t e r a t iv e  Huckel MO techniques to  g ive  
a ra d ic a l improvement in  p re d ic t iv e  pouer is  not s u rp r is in g . These 
techniques in tro d u ce  in te r e le c tr o n ic  rep u ls io n  ad hoc in to  a 
fo rm u la tio n  derived  u ith  the assumption o f  independent e le c tro n s .• -4*
Comparison u ith  the  fo rm u la tio n  obta ined uhen th e 'in te r e le c t r o n ic  
in te ra c t io n  is  inc luded  in  the m olecular Ham iltonian a p r io r i  re ve a ls  
those terms s t i l l  la c k in g  in  the  HQckel Ham iltonian a f te r  some 
allouance is  made fo r  rep u ls io n  betueen e le c tro n s  on the same c e n tre . 
A d e ta ile d  discussion o f these terms is  defered u n t i l  chapter 6 .
U ith  a v ieu  to  applying the Born-Oppenheimer approxim ation , ue 
ignore th a t  p a r t  o f  the m olecular H am ilto n ian , H , in v o lv in g  o n ly  th e
nuclear coord inates . The p a rts  rem aining encompass the e le c tro n
•' ■ 1k in e t ic  energies + e le c tro n -n u c le a r  in te ra c t io n s , grouped in to  X  ,
2and the  in te r e le c tr o n ic  in te ra c t io n s , uhich are grouped in to  I t  . 
Hence ue u r i t e :  .
H = Ji1 + H2 (2 .1 3 )
H enceforth , ue approximate the  n u c le i and the e le c tro n s  as p o in t  
charges and ignore  magnetic in te ra c t io n s . I f  nucleus A c a rr ie s  a 
p o s it iv e  charge, Z , then the  o n e -e lec tro n  Ham iltonian may, in  atomicn
u n its , be u r i t te n  as:
2
(2 .1 4 )
uhere each e le c tro n  is  represented by the symbol *p* and R is  the  
distance betueen cen tre  A and e le c tro n  p. In  atomic u n its , the  
tuo e le c tro n  Ham iltonian may be u r i t te n  as:
X2 = ^  (2 .1 5 )
P>q ”
uhere p and q rep resen t a p a ir  o f e le c tro n s  and r  is  the d is tan ce
pq
betueen them.
The o n e -e lec tro n  H am iltonian is  c le a r ly  the sum o f  terms 
re p re s e n ta tiv e  o f  each s in g le  e le c tro n  in  the  m olecular system.
Denoting s in g le  e le c tro n  terms by H ^, ue may u r i t e :
H1 = <  H (2 .1 6 )
p
uhere:
V „  ^  2 .
I f  the" to t a l  m olecular uavefunction , If, is  norm alised, then the  
e le c tro n ic  energy, E, o f the  molecule is  given by:
E = < } |H |} >
= <J |H 1 !£ >  + < | | h 2 |£>  ' (2 .1 8 )
For the  eva lu a tio n  o f  the f i r s t  term in  equation (2 .1 8 )  i t  is  
im m ateria l whether $ is  taken to be a simple H artree  product o f  one 
e le c tro n  o r b i ta ls ,  o r a p ro p e rly  antisym m etrised S la te r  determ inant.
For a closed s h e ll s itu a t io n  in  the m olecule, then each o f  tuo e lec tro n s  
are described by the  same s p a t ia l NO, I f  th e re  are N doubly
occupied, orthonorm al flO*s, i}^, ue have:
’ N
< | | K 1 | f > =  2 J  v* (p )  V i (p)  axp
i =1
N
= 2 ^  H. .<  1 1
i =1
uhere:
Hi i  = Wp V i ( p) d tp (2 .1 9 )
and the  choice o f  e le c tro n  p is  a r b it r a r y .
For the e va lu a tio n  o f  the second term in  equation (2 .1 8 )  i t  
is  e s s e n tia l to  use the  S la te r  d e term inanta l m olecular u ave fu n ctio n , 
since the form o f  the expression obta ined is  d i f fe r e n t  fo r  a sim ple  
H artree  product. From re fe ren ce  (1 3 2 ) ,  the fo llo w in g  is  c le a r :
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N N
= S  ■ ( 2 j - • -  k - •)<  < .  1J 1J7
i =1 j =1
where:
O y  = _ ^ ¥ * ( p ) r ^ 1,i (p ) I ' j ^ )  dTp d tq ( 2 - 2 0 )
and = J f  if* (p ) i|i*(q) — — ^ ( q )  ^Jj(p) d tp d tp ( 2 . 2 1 )
P Q
and the choice o f e lec tro n s  p and q is  a r b it r a r y ,  p ^  q.
The in te g ra ls  3. . and K. . are re fe rre d  to as the "coulomb11 and■ i j  i j
"exchange" in te g ra ls  re s p e c tiv e ly . S u b s titu tin g  in to  equation ( 2 .1 8 ) ,
the energy o f the closed s h e ll system is  given by:
N N N
E = 2 < :  Hi i + < :  (2 3 i j -  Ki j } ( 2 * 22)
i =1 i =1  j =1
Applying the v a r ia t io n  theorem to  equation ( 2 .2 2 ) ,  and assuming th a t  
each no is  fre e  to  take  an optimum value a t  any p o in t in  space, 
constrained only  by the  o rth o n o rm a lity  c o n d itio n , then the H a rtre e -  
Fock equations are obta ined:
= Ei  ip^p) (2 .2 3 a )
where is  the eigenvalue associated  w ith  e ig en fu n ctio n  ijl, and
the "Fock o p e r a t o r " , /^ ,  is  defined by:
^p  = 3 tp + < * ( 2 ° j  •  X j ) (2 .2 3 b )
where the operators  y .  a n d X . are best defined  by t h e i r  e f fe c t  on
3 3
the m olecular o r b i t a l :
^(p) = f  Y*(q) —  fi(p) fj(q) err 
pq
— *40 —
x. fi (p) = f  y*(q) 7 1- (^q) dX(
J no JPq
Using equations (2 * 2 3 ) ,  i t  is  p o ssib le  by the " s e lf-c o n s is te n t f ie ld "  
(SCF) i t e r a t iv e  method to ob ta in  num erical values fo r  *each HO a t a 
m atrix  o f po in ts  in  the m olecular environm ent. Such num erical 
s o lu tio n s  are ted ious to  ob ta in  and cumbersome to  s to re  and use.
I t  is  usual in  m olecular s tud ies  to  o b ta in  approximate a n a ly t ic a l  
s o lu tio n s  by expressing each MO as a l in e a r  combination o f atomic 
o r b ita ls  (LCAO). I f  n atomic o r b i ta ls ,  , comprise the basis then:
n
f i  “ ^  C^ ii
>i=1
where the  "^ ° n» comprise the  i t h  e ig en vecto r, which fo r
a fix e d  basis s p e c ifie s  the  i t h  approximate e ig en fu n c tio n , • 
S u b s titu tin g  fo r  in  equation ( 2 .2 2 ) ,  v ia  equations (2 .1 9 )  -
( 2 . 2 1 ) ,  we o b ta in :
E = 2 <  <  C *. C ' H (2 .2 4 )p i  p v  V '
i  p$*
*  <> cp i  c^ i  cl j  c f f j [ 2 ( H * 0-) ‘
(Here i t  is  im p l ic i t  th a t  i  and j  are each summed over N and th a t
p , Ji and or are each summed over n) .
where:
V = / ^ ( p ) K P * > ( p ) d T P
and: (jn>Per) = / * ( p )  / v (p )  - ^ 7 - ^ ( q ) / ff(q )  d tp dXq
In  applying the v a r ia t io n  theorem to equation ( 2 .2 4 ) ,  we may 
vary the components o f each e ig en vecto r, su b jec t to  the  c o n s tra in t  
th a t  the N0*s remain an orthonormal s e t . The re s u lta n t  optimum
( 1 3 3 )
eigenvectors are defined  im p l ic i t ly  by the H all-R oothap equations :
5^ C . (F  -  £ . S ) = 0 ( f o r  a l l  u and a l l  i )  (2 .2 5 a )x U'l) 1 u V  > *
where: F = + ; >  £(jjvp\cr) -  i ( ^ V c f ) j  (2 .2 5 b )
o'
N
*
where: P ^  = 2  ^  Cja Cf l i  (2 .2 5 c )
i =1
U ith  the  m o d ific a tio n  th a t  the WC^s, are now only  approxim ations
HP
to  the corresponding e ig en fu n ctio n s , ijl , o f the Fock o p e ra to r, the
d e f in it io n  (2 .2 3 b ) o f ^  s t i l l  holds. The elem ents, F , o f thep 7 p v 7
s o -c a lle d  "Fock-m atrix" may thus be defined a lte r n a t iv e ly  by:
r
I t  is  c le a r  from equations (2 .2 5 )  th a t  the eigenvectors  are
se lf-d ep en d en t in  such a way th a t  they can only  be obta ined by th e
i t e r a t iv e  s o lu tio n  o f (2 .2 5 a ) .  The achievement o f  s e lf-c o n s is te n c y
in  the elements F in d ic a te s  th a t  the  SCF s itu a t io n  has been reached.
The words " s e lf-c o n s is te n t f ie ld "  are a p p lic a b le  s ince the  two e le c tro n
p a r t  o f  ^  represents  the tim e averaged f i e l d  due to  a l l  e le c tro n s  
P
o th er than p.
HFThe closeness o f the ijk to  the i|/^  depends on the  atomic o r b i t a l  
basis from which the jji/  are constructed . An increased v a r ie ty  o f  
basis fu n c tio n s  produces an improved f i t  fo r  a l l  MC^s, and a 
low ering  o f the  to t a l  e le c tro n ic  energy, E, as c a lc u la te d  by equation
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( 2 .2 2 ) ,  U ith  a basis o f e f fe c t iv e ly  in f i n i t e  v a r ie ty ,  we have reached
the so c a lle d  "H artree-Fock l im i t " ,  a t  uhich:
HF _ .^  _s «|i ■ fo r  a l l  1
. _HFand E =  E
HFThe H artree-Fock energy, E ,  is  the low est estim ate  o f  the t o t a l
e le c tro n ic  energy which can be obtained using a s in g le  determ inant
HFre p res e n ta tio n  o f the m olecular uavefunction . E s t i l l  d i f fe r s  
from the  energy value  obtained from exact s o lu tio n  o f the  m olecular 
Schrodinger equation , by an amount known as the " c o rre la t io n  energy".
Because o f com putational l im i t s ,  the types o f atomic o r b i ta l
basis u s u a lly  used fo r  c a lc u la tio n s  on a l l  but the s m alle s t m olecules
give s o lu tio n s  very d is t in c t  from the H artree-Fock l i m i t .  A p r a c t ic a l
basis is  the s o -c a lle d  "minimal basis s e t" . To t h is ,  each atom
co n trib u tes  a l l  the o r b ita ls  in  each subshell uhich is  occupied in
the ground s ta te  o f  the atom. Even u ith  th is  modest b a s is , the
problems invo lved  in  the s o lu tio n  o f equations (2 .2 5 )  are fo rm idab le
fo r  polyatom ic m olecules. These problems revo lve  around the  e v a lu a tio n
4 3 2and repeated use o f  the (n  + 2 n + 3 n + 2  n) / 8  d is t in c t  two 
e le c tro n  in te g r a ls .  For a m oderately la rg e  molecule w ith  a m inim al 
basis s iz e  n = 100, n e a rly  15 m il lio n  two e le c tro n  in te g ra ls  must 
be eva luated  and s to re d . S o lu tio n s  obta ined from such c a lc u la t io n s  
are re fe rre d  to  as " a b - in i t io "  (=  from the  f i r s t ) .
To reduce the com putational cost fu r th e r ,  a "subminimal" basis  
set may be used, uhich n ecess ita tes  the confinement o f  e x p l ic i t  
a tte n tio n  to  a c e r ta in  f ra c t io n  o f  the  m olecule*s e le c tro n s . For 
a p lan ar system, th is  f ra c t io n  may be ju s t  the e le c tro n s  occupying 
the tt-MCPs . For a more general system, i t  may be a l l  the valence  
e le c tro n s . In  such approxim ations, those e lec tro n s  not e x p l ic i t ly
- b i ­
considered are grouped u ith  the n u c le i to  form the atomic cores* The 
re p u ls iv e  e ffe c ts  o f  these core e lec tro n s  touard the o u te r e lec tro n s  
are absorbed in to  the  elements H . o f  the ’'core H am ilton ian” m atrix#
The exchange in te ra c tio n s  betueen core and valence e le c tro n s  on the  
same cen tre  are inc luded  im p l ic i t ly  in  the H , i f  these elements
w
are estim ated using em p iric a l core in te g ra ls *  The corresponding  
m u lti-c e n tre  exchange in te ra c tio n s  are u s u a lly  ignored#
Even u ith  a subminimal b a s is , a la rg e  number o f tuo e le c tro n  
in te g ra ls  uould o fte n  remain to be evaluated* I f  S la te r - ty p e  atomic  
o r b ita ls  are used, those tuo e le c tro n  in te g ra ls  in v o lv in g  atomic 
o r b ita ls  on th ree  or fo u r d i f fe r e n t  centres are e s p e c ia lly  d i f f i c u l t  
to  eva lu a te* A common device used to  e lim in a te  these is  the "zero  
d i f f e r e n t ia l  o verlap " (ZDO) a p p r o x i m a t i o n ^ , by uhich the  product 
$  (p ) ^ v (p ) is  taken to  be zero everyuhere unless jj = v *  Ue then have:
uhere
(jj)> |w ) = 5 ^  Svo. (/J^lvv)
' f i b
C onsistent u ith  the ZDO approxim ation, ue may also e lim in a te  o f f -  
diagonal one e le c tro n  in te g ra ls :
S = S' (2 .2 7 )jj-O jjv \
H = S' . H (2 .2 8 )y v  j j v  y j i
Equation (2 *2 7 ) is  a convenient approxim ation, s ince i t  reduces 
equation (2 # 25a) to  the  standard eigenvalue problem:
F C . = 0 . C .
j j v  vi i J l l
(2 .2 9 a )
or in  m atrix  form alism :
F C = C &  (2 .2 9 b )
where is  the diagonal e igenvalue m a tr ix .
S incere is  now an orthogonal m a tr ix , ue may d iag o n a lise  the  symmetric 
m atrix  JF by one o f .th e  standard te c h n iq u es ^  and o b ta in  j§ and C.
B lanket a p p lic a tio n  o f the ZDO approxim ation means th a t  th e re  
is  no m ixing o f o r b i ta ls ,  and so the  atomic o r b ita ls  become the  
m olecular o r b i ta ls .  I t  is  n ecessary ,to  r e ta in  the s a l ie n t  e ffe c ts  
o f d i f f e r e n t ia l  overlap  in  order to  get even a rudim entary d e s c rip tio n  
o f chemical phenomena. For th is  reason approxim ation (2 .2 8 )  must 
not be a p p lie d . The o ff-d ia g o n a l elem ents, H , o therw ise known 
as resonance in te g r a ls ,  ca rry  the  essence o f covalent bonding in to  
the fo rm u la tio n . U ith  approxim ation ( 2 .2 6 ) ,  equation (2 .2 5 b ) becomes;
2 .3 0 a )
F  ^ = H -  J P X (u ± v )  (2 .3 0 b )juv jn)  j ro r  • '  c \ /
An SCF trea tm en t o f  tt-MQ systems based on equations (2 *3 0 ) was
f i r s t  used by P o p le ^ * ^ ,  although a c lo s e ly  re la te d  fo rm u la tio n ,
w ith a n o n - ite ra t iv e  method o f s o lu tio n , had been given e a r l ie r  in
(137)the same year by P a r is e r  and P a rr . The s o -c a lle d  “P a r is e r -P a r r -  
Pople” (PPP) method is  ch arac te rised  by the use o f experim ental atom ic  
data in  the  c a lc u la t io n  o f  H and 2f » and the  use o f values fo r
i f  w (138)H which are fudged to  g ive sen s ib le  s o lu tio n s ' . For th is  
reason, the  PPP method is  the  f i r s t  o f  the "sem iem pirica l" SCF MO 
techniques.
A reassessment o f  simple r e a c t iv i t y  in d ice s  fo r  c a lc u la t io n  
from SCF tt-MCPs has been made by Greenwood and M c U e e n y ^ ^ .
= H i p
w  /r
A c o rre la t io n  between the ra te  o f enzymatic phosphorylation o f
Ef i f t e e n  adenosine analogues and the f  value fo r  the n itro g en  in
the 3 -p o s it io n , as c a lc u la te d  by the  PPP method, has been noted by
. (139)Kanetiv ' .
Rost o f  the a ll -v a le n c e , ZDO, SCF methods in  use stem, in  t h e i r  
le v e ls  o f approxim ation, from the  d ire c tiv e s  o f  Pople, Santry  and 
S e g a l^ ^ ^  regard ing  the  maintenance o f  ro ta t io n a l in v a ria n c e  when 
applying the ZDO approxim ation to  c a lc u la tio n s  using a ll-v a le n c e  
basis s e ts . A f a i r  number o f ensuing com putational techniques have 
been implemented, the d e ta ils  o f  which can be found in  s evera l . —
r e v i e w s ^ # flost in s tru c t iv e  comparisons o f  p ra c t ic a l  performances 
o f the various techniques in  reproducing a range o f observable q u a n tit ie s  
have been drawn by Klopman and 0 ' L e a r y ^ ^ . I t  is  apparent from 
th is  study th a t  the  method o f choice fo r  the p re d ic tio n  o f  d ip o le  
moments is  the  CNDO/2 method, o f  Pople and S e g a l^ 44^. CNDO/2 
d ip o le  moments seldom d i f f e r  from observed ones by more than 0 *2  D 
over a wide range o f  o rgan ic  m olecules. Furtherm ore, the  d iscrepancies  
appear to  be random. There is  no system atic  tren d  fo r  the  c a lc u la te d  
values to  be e ith e r  la rg e r  o r sm alle r than the  observed ones.
The co n v ic tio n  th a t  the account taken o f  in te r e le c tr o n ic
in te r a c t io n ,  in  the  ZDD NO fo rm u la tio n , is  adequate to get reasonable
( 125Vm olecular charge d is tr ib u t io n s  is  born ou t by the study o f  Andrews . 
Here, a m atte r o f g re a t concern in  s t r u c tu r e -a c t iv i ty  work is  
discussed, namely, the  v a r ia t io n  in  charge, upon s u b s t itu t io n , a t  
centres p o ssib ly  w e ll removed from the  s i t e  o f  s u b s t itu t io n . Since  
the charges associated u ith  s in g le  centres  are not d ir e c t ly  observable  
in  polyatom ic m olecules, gross atom ic populations determ ined from  
a b - in i t io  c a lc u la tio n s  are used as y a rd s tic k s . The CNDO/2 charges on 
atoms separated by 0 , 1 and 2  bonds from the s i t e  o f s u b s t itu t io n
always g ive h ealth y  p o s it iv e  c o rre la tio n s  w ith  the corresponding  
a b - in i t io  ones, fo r  a s e rie s  comprising s u b s titu te d  ethanes, ethylenes  
and carbonyl compounds* Furtherm ore, a l l  regressions presented o f  
a b - in i t io  charges on CNDO/2 charges have slopes close to  + 1 *0 , 
and in te rc e p ts  c lose to  ze ro , in d ic a tin g  number fo r  number agreement*
In  the  same study, regressions are obtained o f EH charges on 
CNDO/2 charges fo r  a s e rie s  o f  lactam s. The c o rre la tio n s  are q u ite  
high between the sets o f  charges a t  the s ite  o f s u b s t itu t io n , the  
slope o f  the  regression  l in e s  being about + 3 *0 , and the  in te rc e p ts  
being about ze ro . Th is  in d ic a te s  p o la r i t ie s  being m agnified  by a 
fa c to r  o f th re e  by the n eg lec t o f  in te r e le c tr o n ic  in te ra c t io n s .
However, in  c e r ta in  cases, where the atom concerned is  one o r two 
bonds away from the s ite  o f  s u b s t itu t io n , th e re  is  v i r t u a l ly  no 
c o rre la t io n  between the EH and CNDO/2 charges. In  a d d it io n , w ith  
re fe ren ce  to  a cen tre  separated from the s it e  o f s u b s titu tio n  by 
th re e  bonds, th e re  is  even a sm all n egative  c o rre la t io n  between the  
two sets o f c a lc u la te d  charges.
Andrews concludes from th is  study th a t  EH c a lc u la tio n s  should 
not norm ally be employed to  compute charge v a r ia t io n s  due to  s u b s titu e n t  
a lte r a t io n s , whereas the CNDO/2 c a lc u la tio n s  are probably adequate 
fo r  p re d ic tin g  q u a l it a t iv e  charge v a r ia t io n s  in  atoms separated by 
as many as th re e  bonds from a m olecular m o d ific a tio n . As CNDO/2 is  
the  NO method predom inantly used in  the present work, g re a t s to re  is  
se t by these f in d in g s , and i t  is  even hoped, in  the absence o f  
c o n tra d ic to ry  evidence, th a t  CNDO/2 charges g ive a reasonable  
re p res e n ta tio n  o f  the t ru th  fo r  centres  much fu r th e r  removed from the  
s ite  o f  s u b s t itu t io n .
The CNDO/2 method has i t s  th e o re t ic a l basis in  equations ( 2 .3 0 ) .  
Coulomb in te g ra ls  are s p h e r ic a lly  averaged to  m ain ta in  ro ta t io n a l
in v a r ia n c e , and the o ff -d ia g o n a l elem ents, H , are taken as zero i f  
o r b ita ls  j i  and -v are centred on the same atom* Such approxim ations, 
and the d e ta ils  o f the e m p iric a l p a ra m e te riza tio n , are  described  
f u l l y  in  re fe ren ce  (1 4 1 )*
A l i t t l e  more advanced than CNDO (Complete N eg lect o f D i f f e r e n t ia l  
O verlap) is  the  INDO (in te rm e d ia te  N eg lect o f  D i f f e r e n t ia l  O verlap) 
method o f Pople, Beveridge and D o b o s h ^ ^ ’ j n th is  method,
monatomic d i f f e r e n t ia l  overlap  is  re ta in e d  in  one-centre  tuo e le c tro n  
in te g r a ls ,  so th a t  equation (2 *25b ) becomes:
Fuu = V + ^  ^  h a  ( ^ l ^ )  -  i  ( ^ lu . r )  + ^  ^  p J(
r r  r r  Mfi) ' «(A) B^ fl V(B)
fo r  p  on atom A (2 .3 1 a )
Fliv = < : <5. PAa •  * (H w )
r  A(fl) L
fo r  ji and v o n  atom A (2 .3 1 b )
F -s H -  J P fo r  u and v  on d i f fe r e n t  atoms (2 .3 1 c )y jv  j i v  y jv  /  '
uhere the symbolism X (c )  in d ic a te s  th a t  atomic o r b i ta l  X  is  on atom C.
The INDO p a ram e te riza tio n  c lo s e ly  resembles th a t  o f CNDO/2, as 
exp la ined  in  re fe ren ce  (1 4 1 ) .
In  t h e ir  summary o f  the advantages o f  INDO over CNDO, P op le ,
(145)Beveridge and Dobosh' ' l i s t  improved tra n s it io n  energy estim ates
and improved estim ates o f ESR h yp erfin e  coupling constants . O ther
comparisons in d ic a te  l i t t l e  o r no improvement in  c a lc u la te d  d ip o le
moments and c a lc u la te d  eq u ilib riu m  ang les . L a te r uork by Gordon 
(146 )and Pople , houever, does in d ic a te  improved e q u ilib r iu m  geom etries . 
INDO c a lc u la te d  bond len g th s , p a r t ic u la r ly  fo r  H-X bonds, are  ra th e r  
b e tte r  than the CNDO ones. In  a d d it io n , from the a u th o r’ s oun
separate o bservations , the INDO pro to n atio n  re ac tio n  surface fo r  
guanine is  q u a l i t a t iv e ly  c o rre c t, whereas the corresponding CNDO 
surface  in d ic a te s  th a t  p ro to n atio n  a t  the 0 6 p o s itio n  is  e n e rg e tic a lly  
more favourab le  than p ro to n atio n  a t  the N 7 p o s it io n , uhich is  
opposite to  the experim ental o rder o f p re fe ren ce .
I t  appears th a t  INDO may have advantages over CNDO, u ith  regard
to  s t r u c tu r e -a c t iv i ty  uork, p a r t ic u la r ly  i f  geometry o p tim is a tio n s
are re q u ire d . In  the o r ig in a l "CNINDO1' p rogram ^4^ ,  however, the
INDO option  is  only a v a ila b le  fo r  elements up to  f lu o r in e ,  whereas
CNDO/2 is  param eterised up to  c h lo r in e . Even in  the la t e r  "CNDD/2-3R,f
(148)program' ' ,  which puts n o n -m e ta llic  th ir d  row elements in s id e  the  
range fo r  CNDO/2 c a lc u la t io n , the INDO p a ram e te riza tio n  is  s t i l l  i 
only up to  f lu o r in e .  The reason fo r  INDO ‘'lag g in g  behind" is  almost 
c e r ta in ly  the  lac k  o f s u f f ic ie n t  s p e c tra l data to  o b ta in  the S la te r -  
Condon parameters necessary fo r  c a lc u la t in g  a l l  the o n e -c en tre , two- 
e le c tro n  in te g ra ls  in v o lv in g  d o r b i ta ls ,  fo r  the second and th ir d  
row elements access ib le  to CNDO/2. Late in  h is  research , the  author
has extended the CND0/2-3R program to  make the same range access ib le
to  INDO, by in s e r t in g  ro u tin es  to  c a lc u la te  a l l  necessary o n e -c e n tre , 
tw o -e le c tro n  in te g ra ls  from the S la te r  o r b i ta ls .  However, the  o r ig in a l  
lack  o f th is  f a c i l i t y  has le d  to  a l im ite d  usage o f INDO in  th is  work, 
since su lphur, c h lo rin e  and bromine are present in  many o f  th e  compounds 
considered.
The th e o re t ic a l d e sc rip tio n  o f chemical r e a c t iv i t y  using a l l ­
valence SCF o r h igher le v e l MO methods may make use o f  q u a n tit ie s  o f  
any o f the th re e  fo llo w in g  types
(a ) Simple "HCickel-type11 r e a c t iv i t y  in d ices  o f  p ossib le  re levance  
to  a wide v a r ie ty  o f  reac tio n s  in v o lv in g  the  m olecule. S l ig h t  changes 
o f d e f in it io n  are req u ired  in  some cases, s in ce , in  g e n e ra l, th e re
i s  more than one atomic o rb ita l  associated  with each atom. ’ I f  a 
HOckel index, t^ , such as e lec tr o n ic  charge or fro n tier  e lectron  
density , may be assoc iated  with a s in g le  atomic o r b ita l ,  then the
U ith  i t s  r e l i a b i l i t y  g re a t ly  enhanced by using SCF methods, i t  is  
possib le  to  in c lu d e  the m olecular d ip o le  moment in to  the category  
o f sim ple in d ic e s .
(b ) A c tiv a tio n  energies or heats o f  re a c tio n  based on s p e c if ic
re a c tio n  in te rm ed ia tes  or known end products , re s p e c tiv e ly . In
cases where the t r a n s it io n  or f in a l  s ta te  is  considered as one o r
more d is c re e t n o n -in te ra c tin g  m olecular e n t i t ie s ,  then separate  SCF
c a lc u la tio n s  would norm ally  be performed on each o f these e n t i t ie s ,
to assess the  energy r e la t iv e  to  the energy o f the re a c ta n ts . As
examples o f  such c a lc u la tio n s  o f a c t iv a tio n  en erg ies , s evera l CNDO
(149)s tud ies  have been performed on Uheland in te rm e d ia te s ' 7 to  determ ine  
the ease o f e le c t r o p h il ic  s u b s titu tio n  o f arom atic re a c ta n ts . As 
examples o f  c a lc u la tio n s  o f  heats o f  re v e rs ib le  re a c tio n s , a c id i t ie s  
o f organ ic  molecules have been estim ated using d iffe re n c e s  in  CNDO/2 
energies o f  the n e u tra l and io n ic  s p e c ie s ^ ^ 0 ) #
In  cases where th e re  are two o r more proxim ate species in  the  
t r a n s it io n  o r f in a l  s ta te s , between which th e re  are no form al chemical 
bonds, then e ith e r  a s in g le  “superm olecule11 SCF c a lc u la t io n  may be 
perform ed, o r  the ground s ta te  wavefunctions o f  the is o la te d  m olecules  
may be used to compute the  in te ra c t io n  energy. A type o f  system 
where supermolecule c a lc u la tio n s  have been e x te n s iv e ly  employed is
corresponding a ll-v a len ce  index, T^, associated  with centre A, i s  
given by:
/ j( a)
(2 .3 2 )
th a t  co n s is tin g  o f tuo o r more molecules hydrogen bonded to g e th e r.
(151}Hoyland and K ie rv ' have performed such CNDO/2 s tu d ie s , in  uhich
a l l  hydrogen bond distances are optim ised . Three types o f u a te r
dimer are considered, tuo tr im e rs , and the pentamer, uhich occurs in
ic e .  S everal hydrogen f lu o r id e  arrangements are considered,
in c lu d in g  a dim er, t r im e r  and c y c lic  hexamer. Tuo ammonia dim ers,
several methanol dimers and a methanol te tram er are also considered,
along u ith  N H *.4 ^ 0  and NH^CH^S^O. In  a l l  these cases, the  len g th
and energies o f the  hydrogen bonds uere in  reasonable agreement u ith
experim ent. Results fo r  form ic and a c e tic  acid  dimers are le s s
s a t is fa c to ry ,  houever. O ther CNDO stud ies  have been performed on
(152}simple hydrogen bonded systems such as these .
In  approximate c a lc u la t io n  o f in te ra c t io n  energies from the
ground s ta te  uavefunctions o f the  is o la te d  m olecules, i t  is  usual to
subdivide the  in te ra c t io n  energy in to  e le c t r o s ta t ic ,  p o la r iz a t io n .
and other c«npcfrie.nt term s. These components m ight then be c a lc u la te d
(153}according to schemes developed by Rein and couorkers' . Although 
these o r ig in a l  schemes make use o f  Tl-only ca lcu la t io n s ,  the methodology 
has s ince  been extended to make use o f  a l l  valence c a l c u l a t i o n s ^ •
(c )  In te ra c t io n  f ie ld s  associated u ith  ju s t  one m olecule, from  
uhich a p a r t  o f  the in te ra c t io n  energy u ith  a general re a c ta n t may 
be deduced. The most commonly c a lc u la te d  q u a n tity  o f  th is  type is  
the e le c t r o s ta t ic  p o te n t ia l a t any p o in t, *? , in  the m olecular
(1 5 5 )environm ent. Th is  is  defined  by the  form ula o f  Bonaccorsi e t  a l :
w(7p> = £  l i fZ-i*T - / r ^ T T  dt <2-33>
A A p " p
uhere o (lr )  is  the  e le c tro n ic  charge d en sity  a t  p o in t r .
( 223)In  the ensuing d iscussion , i t  w i l l  be assumed ■ th a t the  
t o t a l  in te ra c t io n  energy, m°le c u le s  X and Y may be s p l i t
in to  e le c t r o s ta t ic ,  p o la r iz a t io n , charge tra n s fe r  and exchange 
components:
A Evv = E + E + E . + E  XY es pz c t  ex
This  p a r t i t io n in g  is  made u ith  the assumption th a t  the  in te ra c t io n  
produces no in te r n a l geometry change in  X or Y. E may be determined
6S
from the  e le c t r o s ta t ic  p o te n t ia l o f  X to g e th er u ith  the charge 
d is tr ib u t io n  ( in c lu d in g  n u c le i)  o f  Y:
Ees = J  « * ( ? )  d Y  (2 .3 4 )
The u t i l i t y  o f  E alone as an approxim ation to  AEyv ^as ^een 6S XY
(224)discussed in  a recen t re v ie u ' . E makes the dominant c o n tr ib u tio nes
■ to A ^ y * ^or ^a r9e in te rm o le c u la r sep ara tio n s , uhen e ith e r  X o r Y 
has permanent charge moments* Furtherm ore, the e le c t r o s ta t ic  
in te ra c t io n  energy surface  fo r  a given p a ir  o f  m olecules may u e l l  
p a r a l le l  the re a c tio n  su rfa ce , as shoun in  a study o f the  h yd ra tio n  
o f g ly c in e .
In  hydrogen bonded complexes, E is  the  la rg e s t  term a t  the
GS
( 224)eq u ilib r iu m  d is tan ce  ' and also c o rre la te s  u e l l  u ith  the t o t a l
( 9 9 5 )
energy as the  species are V a rie d . Furtherm ore, Kollman has shoun' ,
by 4-31 G ab i n i t i o  c a lc u la t io n ^ , th a t  uhere ue have a s e rie s  o f
hydrogen donors u ith  a f ix e d  acceptor, o r v ic e -v e rs a , th a t  A E ^
X ^
c o rre la te s  u e l l  u ith  e le c t r o s ta t ic  p o te n t ia l ,  V ( r p)> Q,t a Q iV8n 
p o in t, "?p, in  the environment o f  the v a rie d  species.
Y
I t  may be seen, by re p la c in g  yO ( r )  in  equation (2 .3 4 )  by 
-  rj^)# u^en i^ e  charge d is t r ib u t io n  o f Y reduces to  a p o in t
charge o f u n it  magnitude, placed a t  " r*, E is  n u m erica lly  equal to
P GS
- 6 0 -
\/X( r ^ ) .  This f in d in g  suggests th a t e le c tr o s ta t ic  p o te n t ia l maps might 
be o f p a r t ic u la r  usefulness in  studying the p ro to n atio n  re a c tio n . I t  is  
unfortunate  th a t  E fo r  a m olecule-proton in te ra c t io n  is  not always a
6S
r e l ia b le  guide to  the  t o t a l  in te ra c t io n  energy. 4 -3 1 G c a lc u la t io n s  on
s e rie s  o f  a lk y l-s u b s t itu te d  amines, a lcoho ls  and e th e rs ^ ^ *^  in d ic a te  th a t
v a r ia t io n  in  t o t a l  heteroatom p ro to n atio n  energy, as the s u b s titu e n t is
v a r ie d , is  governed by the  v a r ia t io n  in  E ra th e r  than E •pz es
For p ro to n a tio n , Epz is  sim ply the energy o f p o la r iz a t io n , Ep0^
o f the m olecular charge d is t r ib u t io n  by the pro ton . Since the proton
might fo r  th is  purpose be rep laced by any p o in t charge, E , is  anotherpol
q u a n tity  o f type ( c ) .  I t  is  a fu n c tio n  o f  the p o s itio n  o f the p o in t
charge uhich is  determined by the quantum s ta tes  a v a ila b le  to  the
(156)m olecule. Van der Neut has used the IEH method to c a lc u la te  both
1/ and in  the environment o f the ra d ic a l anion formed by adding an
e le c tro n  to  1 ,3 -d im eth y lp ro p ad ien e . O bta in ing  E from B r illo u in -U ig n e r  
p e rtu rb a tio n  th eo ry , the sum ( l / + Ep0^) is  shown to have a minimum p o in t  
ad jacen t to C -2 . V a lo ne, however, has minima ad jacen t to  C-1 and C -3 . 
Since, e x p e rim e n ta lly , p ro to n atio n  occurs a t  C -2 , th is  study in d ic a te s  the  
importance o f Ep0 2 » In  a re la te d  CNDO study on arom atic c o m p o u n d s ^ , 
Ep0 2 c a lc u la te d  using the R ayle igh-Schrodinger p e rtu rb a tio n  th e o ry .
The in c lu s io n  o f  in  the in te ra c t io n  energy is  shoun to  p la y  a
d e c is ive  ro le  in  the e le c t r o p h il ic  s u b s t itu t io n  o f  phenanthrene and the  
n u c le o p h ilic  s u b s t itu tio n  o f the p yrim id in e  io n .
For many s o -c a lle d  c h a rg e -tra n s fe r  complexes, Ees ra th e r
than E . makes the dominant c o n tr ib u tio n  to  For somec t  XY
such complexes, Ewx/ also c o rre la te s  u e l l  u ith  E . In  o th er cases, 
at es
fo r  example m e ta l- lig a n d  complexes, no s in g le  c o n tr ib u tio n  is  
d e c is ive  and i t  is  necessary to  take e ith e r  E + E
©S CX
or E + E in  o rd er to  o b ta in  a c o r re la t io n ,  es pz
B io lo g ic a l a p p lic a tio n s  o f  q u a n tit ie s  o f  types (a )  and (b ) are  
so widespread th a t  i t  is  p re fe rre d  to  l i m i t  the fo llo w in g  survey to  
QSAR*s. However, the lack  o f  p u b lic a tio n  o f QSAR*s using q u a n tit ie s  
o f type (c )  n ecess ita tes  a discussion o f  the use o f these in  
q u a l ita t iv e  b io lo g ic a l SAR*s, in  o rd er to  i l lu m in a te  t h e i r  p o te n t ia l  
fo r  use in  q u a n tita t iv e  work.
The use o f  q u a n tit ie s  o f  type (a )  in  b io lo g ic a l QSAR's.
(1 25)Andrews * uses CNDO/2 atom ic charges in  h is  search fo r
c o rre la tio n s  w ith  an tico n vu lsan t a c t iv i t y ,  w ith  p a r t ic u la r  in te r e s t
in  those centres capable o f  hydrogen bonding. No c o rre la tio n s  are
found using these charges, o r using the CNDO/2 m olecular d ip o le
(158)moment. Previous MO stud ies  on n ine tryp tam ine d e r iv a tiv e s  '  have
( 220)been extended to  in c lu d e  e ig h t more compounds , CNDO/2 c a lc u la t io n s  
being performed on a l l  seventeen tryp tam in es . The best c o rre la t io n  
w ith  a c t iv i t y  on the  r a t  fundus makes use o f  the  f^  and Qv a t  N-1 as 
w ell as the tt value o f  the 7 -s u b s titu e n t, as independent v a r ia b le s .  
Green e t  a l use INDO c a lc u la tio n s  to  fu r th e r  probe the re la t io n s h ip  
between and h a llu c in o g en ic  a c t iv i t y ^  A c o rre la t io n  is
confirmed fo r  tw elve  methoxyamphetamines and fo r  a s e rie s  o f  
N ,N -d im eth y ltryp tam in es . However, th e re  is  no c o rre la t io n  fo r  a 
se t o f s t r u c tu r a lly  d i f fe r e n t  hallucinogens or fo r  a s e t o f  LSD 
analogues.
Berges and P e r a d e jo r d i^ * ^  have performed CNDO/2 c a lc u la t io n s
on nine c y to x ic  p -s u b s titu te d  phenyl n itro g e n  mustards. The charge
in  the p-n atomic o rb ita l  o f  the nitrogen atom corre la tes  with both
the rate  o f  hydrolysis and the rate  o f  a lk y la t io n . Sanvordeker e t  
( 161)a l observe a high c o rre la t io n  between the in  v i t r o  p ro te in
binding o f  f iv e  m etronidazoles and the  f^  o f  the e s te r ic  oxygen, as
/ -J62)
c a lc u la te d  by CNDO/2. From the  uork o f  T ip n is  and K u lkarn i , i t  
is  apparent th a t  th e re  are c o rre la tio n s  between the CNDO/2 charges 
on the  r in g  sulphur and n itro g en  atoms and the  a n t ira d ia t io n  a c t iv i t y
/163 )
o f  seven th ia z o lid in e s . CataLan and Fernandez' 1 observe a 
s ig n if ic a n t  c o rre la t io n  in  a m u lt ip le  regression  o f  an tirh eu m atic
potency on ^unmn and d ip o le  moment, fo r  the  an io n ic  form o f sevenHul iLJ
hydoxybenzoic ac id s , as c a lc u la te d  by the CNDO/2 approach.
The use o f  q u a n tit ie s  o f  type (b ) in  b io lo g ic a l QSAf^s.
The f i r s t  uork to  use the CNDO/2 method to  c a lc u la te  the  energy 
o f a proposed in te rm ed ia te  in  a b io lo g ic a l process is  th a t  o f  Hermann 
e t  a l^ ^ * ^ .  Th is  uork searches fo r  c o rre la tio n s  u ith  the  r a te  o f  
enzymatic red u ctio n  o f  ten acetophenones. A stage in  n u c le o p h ilic  
a tta c k  is  s im ulated by p lac in g  a hydride ion 1 * 6 8  above the carbonyl 
carbon, in  a d ire c tio n  p erp en d icu lar to  the  plane o f the m olecule .
The in te ra c t io n  energy is  c a lc u la te d  both by an e le c t r o s ta t ic  approxim ation  
and by the supermolecule method, fo r  each compound in  the  s e r ie s . The 
c o rre la tio n s  u ith  reductio n  ra te  obtained using these in d ice s  are  
s ig n if ic a n t ,  but no t as good as those obta ined using the  e m p ir ic a l 
Hammett s u b s titu e n t constant.
Le Pecq e t  a l ^ ^ ^  have performed c a lc u la tio n s  on a s e r ie s  o f  
antitum our e l l ip t ic in e s ,  b e lieved  to  a c t by DMA in te r c a la t io n ,  using  
the CNDO/S m e t h o d ^ S i n c e  on ly  the  protonated  form o f  the  
e l l ip t i c in e  m olecule is  b e lieved  to  in te r c a la te ,  the  degree o f  
io n iz a t io n  under p h y s io lo g ic a l co n d itio n s  is  a fa c to r  re le v a n t to  
drug a c t iv i t y .  Estim ates are presented o f  th e  energies o f  p ro to n a tio n  
a t  the N- 2  p o s it io n , in  aqueous s o lu tio n , fo r  seven o f the e l l i p t i c i n e  
m olecules. These energies are taken to  be the  sum o f  the  p ro to n a tio n  
energy o f  th e  is o la te d  m olecule, and the  change in  s o lv a tio n  energy
upon p ro to n a tio n . The form er is  c a lc u la te d  by the supermolecule 
method, and the  l a t t e r  using the form ula o f 3 a r io ^ 6^ .  No c o rre la t io n
between the c a lc u la te d  p ro to n atio n  energy and the observed pK isA
e v id e n t, houever* Th is  is  explained in  terms o f  s p e c if ic  h ydratio n  
a t the  6 -p o s it io n  (and p o ss ib ly  also the  9 -p o s it io n ) uhich is  not 
taken account o f  in  the  c a lc u la t io n .
In  the same w o r k ^ * ^ ,  an attem pt is  made to  use c a lc u la te d  
re s u lts  to  e llu c id a te  the  in te r c a la t io n  phenomenon. There is  some 
in d ic a tio n  o f  a re la t io n s h ip  between the  degree o f  unwinding o f  the  
DNA h e lix  to  accommodate the  in te rc a la te d  m olecules, and the  angle  
between the major ax is  o f  the  quadrupole o f the e l l ip t ic in e  molecule  
and a re fe re n c e  ax is  o f  th e  m olecular ske le to n ,
(1 6 9 a -e )H o lt je  and K ie r have published f iv e  works' * in  which
CNDO/2 uavefunctions are  used to  c a lc u la te  in te ra c t io n  en erg ies , 
between species s im u la tin g  drug and re c e p to r, v ia  the monopole- 
bond p o la r iz a b i l i t ie s  method o f  C la v e rie  and R e i n ^ ' * '^ ,  In  a l l  
cases the type o f  recep to r analogue and the geometry o f  the  sim ulated  
d ru g -recep to r complex are  chosen to  produce optimum c o rre la t io n  
between the c a lc u la te d  in te ra c t io n  energy and the b io lo g ic a l a c t iv i t y  
o f  the  drugs. In  a l l  cases the drug m olecule analogue is  chosen to  
emphasize th e  d ire c t  in te ra c t io n  between the s e rie s  s u b s titu e n t and 
the recep to r analogue,
f 169 3 }In  one o f  these works , fo u rteen  a n t ib a c te r ia l  chloram phenicols
are s tu d ied , assuming in te ra c t io n  u ith  p a r t  o f  an amino acid  s id e  chain
o f the re c e p to r. The best c o rre la t io n  (0 *9 1 4 ) is  obta ined using the
in d o le  m olecule to  represent the  re le v a n t p a r t  o f  the re c e p to r , u ith
(169b)
a ch lo ram phenico l-indo le  separa tion  o f 4*5  A* In  another work ,
the r e la t iv e  sweetness ta s te  o f  eleven p -s u b s titu te d -m -a m in o -n itro -  
benzenes is  s tu d ie d , w ith  the assumption th a t  a tryptophan group is  the
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prominent fe a tu re  o f  the  recep to r a t  the s ite  o f in te ra c t io n . Using
3 -m eth y lin d o le  to  rep resen t tryp tophan , the best c o rre la t io n  (0 *8 87 ) 
is  obtained u ith  a d ru g -recep to r separa tion  o f  4*25 A. The th ir d  o f  
these u o r k s ^ ^ 8  ^ is  concerned u ith  the  enzymatic h yd ro lys is  ra te s  o f  
a s e rie s  o f N -acetylam inoacid  methyl e s te rs . Using to luene as the  
recep to r analogue and very  truncated  drug m olecule analogues, a 
c o rre la t io n  o f  0*974 is  obtained u ith  the in te ra c t io n  energy a t  4*5 A 
sep ara tio n .
H o l t j e ^ ^ d  ^ has c o rre la te d  the monoamine oxidase in h ib ito r y
a c t iv i t ie s  o f  tw elve phenyl r in g -s u b s titu te d  N -(e th y lp h e n y le th e r )-
cyclopropylam ines u ith  the  c a lc u la te d  in te ra c t io n  energies o f  the
corresponding r in g -s u b s titu te d  an iso les  u ith  the N -propylguanid ine
m olecule. N -p ro pylguan id ine , separated by 4*75 A from the a n iso le
to give optimum c o rre la t io n  ( r  = 0 *9 2 0 ), is  re p re s e n ta tiv e  o f  the
amino a c id , a rg in in e . The rem aining w o rk ^ 6^8  ^ looks a t  the  binding
o f  f iv e  a c e ty lc h o lin e  analogues to  each o f  fo u r te n ta t iv e  re ce p to r
b inding m o ie ties  o f  a c e ty lc h o lin e s te ra s e , as modelled by sim ple
m olecules. The best c o r re la t io n , between c a lc u la te d  in te ra c t io n
energy and ra te  o f  enzym atic h yd ro lys is  o f  each s u b s tra te , is  obtained
when benzene is  used to  model the rece p to r b ind ing  m oiety. Th is  r e s u lt
(16 8 }is  co n s is ten t u ith  th a t  o f  an e a r l ie r  study , in  which a choice is  
made between severa l p o ss ib le  re ce p to r b inding moeties on the  basis  
o f the a b i l i t y  o f  the recep to r model to  d is c rim in a te  between m eth y l- 
ammonium and tetramethylammonium as model s u b s tra tes .
In  a subsequent work on s im ila r  l in e s ,  D ipaulo e t  a l^ ^ ° ^  use 
m ethylindo le  as a model o f  th a t  p a r t  o f  the amphetamine recep to r  
which in te ra c ts  w ith  the phenyl r in g  o f  the  bound drug. Each o f  the  
17 r in g -s u b s titu te d  amphetamines in  the  s e rie s  is  paced through an 
exacting  range o f p o s itio n s , r e la t iv e  to  m eth y lin d o le . At each
p o s it io n , fo r  each drug m olecule, the in te ra c t io n  energy is  c a lc u la te d  
as the weighted mean over the rem aining conform ational degrees o f  
freedom o f the phenyl r in g  and i t s  s u b s titu e n ts . The best c o rre la t io n  
( r  = 0 *7 3 ) ,  between c a lc u la te d  energy and observed drug a c t iv i t y ,  is  
obtained w ith  the amphetamines placed such th a t  the phenyl r in g  is  
p e rp en d ic u la rly  above the  six-membered r in g  o f m eth y lin d o le , w ith  a 
separation  o f  4*5  A. The c o rre la t io n  is  improved by in c lu d in g  in  
the regression  equation an in d ic a to r  v a r ia b le , tak in g  the  value  u n ity  
when both p o s itio n s  3 and 4 o f the  amphetamine phenyl r in g  are  
s u b s titu te d  by alkoxy groups, o r o therw ise ze ro .
The use o f q u a n tit ie s  o f  type ( c) in  b io lo g ic a l SAR*s.
Of the  various  q u a n tit ie s  o f type ( c ) ,  only the e le c t r o s ta t ic
p o te n t ia l ( e .p . )  has been w idely  ap p lied  in  m olecular b io lo g y . Good
q u a lity  e .p . contour maps have been published fo r  many b iom olecules,
notab le  examples being the  fo u r DNA bases. From the a b - in i t io
c a lc u la te d  maps fo r  these compounds^ , i t  has been observed th a t
in  a l l  te s ta b le  q u a l it a t iv e  aspects the e .p .  seems to p a r a l le l  th e
t o t a l  proton in te ra c t io n  energy. Hence the  experim ental s ite s  fo r
pro to n atio n  are p re d ic te d  by the appearance o f  lo c a l p o te n t ia l minima.
The observed order o f  p reference fo r  p ro to n atio n  a t  each s i t e  is
p red ic ted  by the  r e la t iv e  depths o f the lo c a l.m in im a , and even the
r e la t iv e  b a s ic it ie s  o f  d i f fe r e n t  bases are  p red ic ted  by the r e la t iv e
depths o f the g lobal minima fo r  each base. Not a l l  s tu d ies  on
biom olecules have stopped a t  the f i r s t  o rder (e le c t r o s ta t ic )  in te r a c t io n
p o te n t ia l ,  however. In  an INDO study o f  the  p ro to n atio n  o f  adenine,
( 1 7 2 )
B a r t le t t  and W einstein ' have also considered the second o rder  
m olecular p o la r iz a t io n  term , as w e ll as the  p e r tu rb a t io n - in te ra c t io n  
term a r is in g  in  the case o f d ip ro to n a tio n .
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To in troduce  the to p ic  o f  the a p p lic a tio n  o f  e .p . ’ s i n  pharmacology,
i t  uould be d i f f i c u l t  to  improve on the comments o f Petrongolo and
(173)Tomasi , uhich are th e re fo re  quoted here* " In  many cases one 
can assume u ith  some confidence th a t  the  in te ra c t io n  a t  the beginning  
o f the b io lo g ic a l response is  o f a noncovalent type and concerns 
d ir e c t ly  the unmetabolised drug* In  such a c lass o f cases i t  may be 
usefu l to  use the e le c t r o s ta t ic  approxim ation uhich reduces the complete 
in te ra c t io n  to  the coulombic one in v o lv in g  the r ig id  charge d is tr ib u t io n s  
o f the p a rtn e rs . N eg lecting  the o th er terms o f the in te ra c t io n  
(p o la r iz a t io n ,  charge t r a n s fe r ,  d isp ers io n , e tc * )  u i l l  o f  course a l t e r  
to  a c e r ta in  e x te n t the p ic tu re  o f  the in te ra c t io n  and u i l l  reduce i t s  
tru s tu o rth in e s s , but i t  seems th a t  u sefu l in fo rm atio n  can be draun 
from th is  approxim ation, e s p e c ia lly  fo r  comparison purposes11*
The same authors make use o f equation (2 * 3 4 ) ,  expressing the drug- 
recep to r coulombic in te ra c t io n  energy as:
Ecoul = / V >  V 1> dV  <2- 3 4 ’ >
uhere V is  the e .p . o f  the drug molecule and ^  is  the  re ce p to r charge U R
d is t r ib u t io n .  They s ta te  th a t  th is  expression "seems to  be o f  
p a r t ic u la r  convenience in  the  present case because i t  g ives an 
asymmetric p re se n ta tio n  o f a symmetric re la tio n s h ip  ( th e  Coulomb la u )  
uhich corresponds, as remarked above, to  the  asymmetry o f  our a c tu a l 
knouledge* This expression , in  fa c t ,  emphasizes the ro le  o f  the  charge 
d is tr ib u t io n  o f  th e  drug, a q u a n tity  uhich is  fa r  b e tte r  knoun than  
the corresponding one o f  the recep to r* In  f a c t ,  from the knouledge 
o f the  p o te n tia l fo r  a s e t o f  drugs, one could h o p e fu lly  in f e r  
in fo rm atio n  about X D, uhich presumably u i l l  remain to  a la rg e  e x te n t  
the same uhen the drug changes"*
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Using the p r in c ip a l th a t  drugs uhich ac t a t  the same recep to r
should d is p la y  common fe a tu re s  in  t h e i r  e .p . su rfaces , i t .  is  p ossib le
to  use the surface obta ined fo r  the  prime su b stra te  o f  a p a r t ic u la r
recep to r as a standard by uhich to  assess the  l i k e ly  a f f i n i t y  o f
o th e r species fo r  the same recep to r* Th is  approach has been adopted
( 1 7 4 )
u ith  regard to  a f f i n i t y  fo r  the c h o lin e rg ic  re c e p to r ' , fo r  uhich  
a c e ty lc h o lin e  is  the prime su b stra te * E .p* maps obtained from INDO 
uavefunctions u ith o u t d eo rth o g o n a liza tio n  are presented* A tte n tio n  
is  draun to  the s im i la r i t ie s  betueen the e .p * surfaces o f the c h o lin e rg ic  
a g o n is t, 3 -a ce to x y q u in u c lid in e , and the  a n tag o n is t, p h e n c yc lid in e , 
and th a t  o f  a c e ty lc h o lin e  i t s e l f .  An an a lys is  o f  the charges in  the  
e .p . surface  o f p h en cyc lid in e , produced by various modes o f s u b s t itu t io n ,  
is  able to  exp la in  the  a c t iv i t y  o r lac k  o f  a c t iv i t y  o f c e r ta in  
phencyclid ine  d e r iv a t iv e s .
A s im ila r  study, using e .p . maps obtained from INDO uavefunctions,
has been performed on f iv e  m o rp h in e -like  n a rc o tic s ^ . • The prime
su b strate  fo r  the  o p ia te  recep to r is  taken to  be a conformer o f
morphine u ith  the 0 -6  hydrogen placed c is  u ith  respect to  C -5 . The
order o f  s im i la r i t y  o f  the e .p . surfaces o f the o th er n a rc o tic  species
to th a t  o f  cis-m orphine matches observed r e la t iv e  o p ia te  a f f i n i t i e s .
A la t e r  minimal basis a b - in i t io  study, comparing the an tag o n is t
(224)na lorph ine  u ith  morphine , suggests th a t  the negative  p o te n t ia l  
reg ion  o f  the  N?-allyl grouprof the former may resu lt in  i t s  lack o f 
in t r in s ic  a c t iv i t y .
/< 7g)
Another uork o f  th is  typ e ' 1 has compared tuo yS-adrenergic drugs 
using e ;p . surfaces obtained from deorthoganolized CNDO u avefu n ctio n s .
One o f  these drugs, is o p ro te re n o l, is  an ag o n is t, u h ile  th e  o th e r ,  
1 -(p -N itro p h e n y l)-2 -is o p ro p y la m in o e th a n o l (IN PEA ), is  an a n ta g o n is t.
The absence o f  ap p rec iab le  d iffe re n c e s  o f  e .p . in  the reg ions o f  the
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side chains o f  the molecules suggests th a t these po rtio n s  o f  the  
molecules form s im ila r  bonds u ith  the  re c e p to r. Remarkable d iffe re n c e s  
in  e .p . e x is t  in  the reg ion  o f the phenyl r in g , houever, uhich may 
r e s u lt  in  the d i f fe r e n t  in t r in s ic  a c t iv i t ie s .
Subsequent ST0/3G a b - in i t io  s tud ies  have culm inated in  the  
(224)comparison ' o f  the e le c t r o s ta t ic  p o te n t ia l maps o f  seven 
^-a d re n erg ic  drugs, in c lu d in g  those mentioned above. The models are  
constructed by trimming a CHOHCH^NHCHCCH^)  ^ s ide chain group o f the  
drugs to  CH^OH. E le c tro s ta t ic  p o te n tia ls  have been mapped in  the  
m olecular plane and in  a p a r a l le l  p lane d isp laced  by 1*7  A. Comparing 
maps o f  the  l a t t e r  v a r ie ty  shous th a t  the agon ist molecules in  the  
s e rie s  have a region o f  negative  p o te n t ia l connecting the zone above 
the benzene r in g  to  th a t  above the a lc o h o lic  oxygen. Tuo o f the  
antagonists  have p o s it iv e  p o te n tia ls  in  the zone above the benzene 
r in g , u h i ls t  Doberol and i t s  isomers have a p o te n t ia l u e l l  h ere , 
separated by a p o s it iv e  b a r r ie r  from the u e l l  above the  a lc o h o lic  
oxygen.
In  an a b - in i t io  study, using the POLYATOM MO system ^^*^ u ith  a
s l ig h t ly  extended b as is , the e le c tr o s ta t ic  p o te n t ia l and f r o n t ie r
e le c tro n  density  ( f .t i . )  maps fo r  (unprotonated) 5-hydroxytryptam ine
(5-H T) are compared u ith  those obta ined fo r  fo u r o th er tryptam ines
u ith  lo u e r a f f in i t y  fo r  sero ton in  r e c e p t o r s ^ ^ . The ro le  o f  the
e .p . is  thought to  be confined to  determ ining the p re lim in a ry
o r ie n ta t io n  o f  the su b strate  in  uhat becomes e s s e n tia lly  a p o la r iz a t io n
drug -recep tor complex. The degrees o f s im i la r i t y  o f the  f.eji. maps
fo r  4-HT, tryp tam in e , 7-HT and 6 -H T , re s p e c tiv e ly , to th a t  fo r  5-HT
are said  to  be in  the same order as the  a f f i n i t i e s  fo r  the sero to n in
re ce p to r. This observation  and the  c o rre la tio n s  u ith  f^  values
(158 2 2 0 )observed by Green e t  a l 9 are exp la ined  in  terms o f the
im portant c o n tr ib u tio n  o f  the HOMO to E ra th e r  than i t s  c o n tr ib u tio n
pz
( 229)to  E * another a b - in i t io  study' y , the  s erto n erg ic  a c t iv i t ie s  
o f ten  s u b s titu te d  te trah yd ro -o xaz in es  are expla ined in  terms o f  the  
s im i la r i t ie s  o f the e .p * map o f the  protonated form o f one o f  th e ir  
number to  th a t  o f protonated  5-HT*
An attem pt has been made to  e xp la in  the loss o f a c t iv i t y  o f  
his tam ine , on p lac in g  an e le c tro n  w ithdrawing s u b s titu e n t in  the
4 -p o s it io n , in  terms o f  e le c tr o s ta t ic  p o t e n t i a l s ' ^  * ST0/3G 
c a lc u la tio n s  in d ic a te  th a t  the p o te n t ia l minimum in  the TT-electron  
region o f the  im idazo le  r in g  is  reduced in  depth by 4-NQ2  s u b s t itu t io n *
A p o te n t ia l minimum also appears, in  the region o f th is  s u b s titu e n t*
I t  is  not tru e  to  say th a t no b io lo g ic a l QSAR*s have appeared using
q u an tit ies  o f  type (c )  as independent variables* As mentioned in
the d iscussion o f EH s t r u c tu r e -a c t iv i ty  work, crudely c a lc u la te d  e*p*
and e le c t r ic  f i e ld  values a t proposed recep to r po in ts  have been used 
( 1 2 1 )by Uohl * • The e le c t r o s ta t ic  in te ra c t io n  energies o f  the hydride
ion w ith  the  acetophenones, c a lc u la te d  by Hermann e t are  in
fa c t  merely minus the  e*p* due to  the  actophenone a t the  p o in t chosen,
i f  the e .p * is  c a lc u la te d  using the  M a p p r o x i m a t i o n ^ .s s
However, in  cases where knowledge o f  the recep to r or o th e r in te ra c t in g  
species is  sparse, i t  is  c le a r  th a t  the in te ra c t io n  f ie ld s  p rovide  
independent v a r ia b le s  o f choice fo r  use in  QSAR*s, provided the  
wavefunction o f the is o la te d  m olecule may be used to  determ ine the  
re le v a n t in te ra c tio n s  w ith  the b io lo g ic a l system.
2 .3 .  INDICES USED IN  THE PRESENT UORK*
For any m olecule placed in  a p a r t ic u la r  system, q u a n tit ie s  o f  
type (b ) described above in vo lve  complete s p e c if ic it y  about the  
in te ra c t in g  m olecular species and the  manner o f  in te r a c t io n . In
- 7 0 -
chemical systems, one is  norm ally aware o f the in te ra c t in g  species, 
but one might s t i l l  be a t g re a t pains to  d iscover the manner o f  
in te ra c t io n . In  b io lo g ic a l systems, i t  is  commonly not known which 
species in te r a c t  p re v a le n tly  w ith  the m olecule. This precludes  
knowing anything about the manner o f  in te r a c t io n . N everth e less , 
s p ec u la tive  models may be put fo rw ard , based on any fragments o f  
in fo rm atio n  which are a v a ila b le . U ith  regard to -d rug  a c t iv i t y ,
( i6gy
these models may be te s te d  in  the manner used by H o lt je  and K ie r ' * > 
i . e .  a t r i a l  and e r ro r  search fo r  c o rre la t io n  between the c a lc u la te d  
q u a n tity  and drug a c t iv i t y .  Th is  approach has g la rin g  drawbacks:
(1 ) Unless the guess a t  the in te ra c t in g  species and mode o f  in te ra c t io n  
is  h ig h ly  in s p ire d , the chances o f  i t  being c o rre c t must be p r o h ib it iv e ly  
sm all. One is  th e re fo re  faced w ith  almost in d e f in ite  r e p e t it io n  o f
the t r i a l  and e rro r  procedure, since the number o f  p o s s ib i l i t ie s  to  
be e lim in a te d  is  v a s t.
(2 ) Given the  g re a t s ize  o f  many biom olecules, the complete c a lc u la t io n  
o f the in te ra c t io n  energy is  l i k e ly  to  be c o s t ly , and may w e ll be 
precluded a lto g e th e r by lac k  o f  computer storage space. One m ight 
sim ulate  the in te ra c t io n  by rep lac in g  the biom olecule w ith  a sm all 
model compound, but then one might w e ll be a t  pains to  expound the  
v a l id i t y  o f  the  s im u la tio n .
(3 ) I f  one fin d s  a c o rre la t io n  between the  energy invo lved  in  a 
proposed in te ra c t io n  and drug a c t iv i t y ,  th is  is  by no means a 
guarantee th a t  the in te ra c t io n  a c tu a lly  takes p la c e , since th is  
energy may m erely be c o v a ria n t w ith  the  causal q u a n tity . Unless  
confirm atio n  were a v a ila b le  from another source, i t  would th e re fo re  
be p re te n tio u s  to  represent th is  in te ra c t io n  as the drug mechanism. ■
The much low er s p e c if ic ity  o f q u a n tit ie s  o f types (a ) and ( c ) ,
as u e ll  as th e ir  ease o f  com putation, makes them more s u ita b le  as 
s p ec u la tive  independent v a r ia b le s  to  c o rre la te  u ith  drug a c t iv i t y  
uhenever in fo rm atio n  about the p rec ise  mode o f in te ra c t io n  o f  the
in fe ren c e  made from a c o rre la t io n  betueen drug a c t iv i t y  and, say, the  
e .p . a t  a p a r t ic u la r  p o in t in  the  m olecular environm ent, spans a 
broad range o f  p o ss ib le  in te ra c t io n s . For such reasons, the q u a n tit ie s  
used fo r  c o r re la t iv e  purposes in  the present uork are almost e n t i r e ly  
confined to types (a ) and ( c ) .
The type (c )  in d ice s  used in  th is  uork are based on energy terms 
obtained from H artree-Fock p e rtu rb a tio n  theory fo r  a l im ite d  basis  
s e t ^ ^ ^ .  The on ly  type o f  p e rtu rb a tio n  o f in te r e s t  here is  a re a l
f i r s t  order change, H  , in  the one e le c tro n  H am ilton ian , u ith  a 
p o te n t ia l energy component, ~V • In  terms o f  the zero th  (unprim ed) 
and f i r s t  order (prim ed) core and Fock Ham iltonian and bond order  
m atrices and the charges and p o s itio n s  o f  the n u c le i, the f i r s t  and 
second order en erg ies , fo r  a closed s h e ll system, become:
so lu tio n  o f the coupled H artree-Fock p e rtu rb a tio n  equations. I f  
the crudest o f these "uncoupling" procedures (a  method a t t r ib u te d  to
drug u ith  the b io lo g ic a l system is  absent o r sparse. The p h ys ica l
jjv1 A
(2 .3 5 )
(assuming re a l o r b ita ls  and c o e ff ic ie n ts )
occ unocc
(2 .3 6 a )
Langhoff e t  a l^ * * ^  have assessed several methods o f  approximate
( 1 7 9 )D a lg a rn o  e t  a l  ) i s  a p p lie d  to  e q u a tio n  (2 .3 6 a ) ,  ue o b ta in :
occ unocc * 1C . C C\ . H . H
e " =  2 ^  ^  ^  UtfJ V  nAtf (2 .3 6 b )
/jvX<r i  j
Using th is  uncoupling procedure, s u b s ta n tia l underestim ates o f  
p o la r iz a b i l i t ie s  and s h ie ld in g  fa c to rs  are a p p a r e n t ^ . Houever, 
the values s t i l l  c o rre la te  w e ll u ith  those obtained from exact 
i t e r a t iv e  so lu tio n  o f coupled equations such as (2 .3 6 a ) .  On th is  
b as is , and in  order to  keep the c a lc u la tio n s  cheap, a l l  second order  
c a lc u la tio n s  performed herein  are based on equation (2 .3 6 b ) .
A ll  type (c ) q u a n tit ie s  are observables, and as such have exact 
physica l meanings. By c o n tra s t, the p h ysica l meanings associated  u ith  
Huckel-type in d ices  such as atomic charge and se lfra to m  p o la r iz a b i l i t y  
are based on h e fty  approxim ations. As mentioned in  sec tio n  1 , the  
coulombic in flu e n c e  o f  a p o in t charge, p laced a t  bonding d is tan ce  
from a p a r t ic u la r  atom in  a m olecule, is  by no means n e g lig ib le  * 
a t  the nuclear centres  o f neighbouring atoms. I f  th is  in flu e n c e  a t  
o th er centres uere n eg lec ted , houever, then the atomic charge and 
s e lf-a to m  p o la r iz a b i l i t y  uould re p res e n t, a lb e i t  s t i l l  ap p ro x im ate ly , 
the f i r s t  and second order in te ra c t io n  energies o f  the p o in t charge  
u ith  the m olecule.
The exact f i r s t  and second order in te ra c t io n  energies o f  th e  p o in t  
charge u ith  the m olecule are c la s s if ie d  here as type (c )  in d ic e s . I t  
is  tem pting to  abandon a l l  type (a )  in d ice s  in  favour o f  type ( c ) .
Type (c ) , in d ic e s ,  houever, have the  drauback th a t  i t  i s  necessary to  
d e fin e  and exact p o s itio n  fo r  the "probe*1, uhich is  in  th is  case a 
p o in t charge. The re q u is ite  probing o f the  environment o f each cen tre  
might th e re fo re  re q u ire  a complex s e t o f  in s tru c tio n s  to  determ ine  
hou close to  the cen tre  the probe is  to  be p laced , end uhere in  r e la t io n
to the o th er cen tres . In  the l im it in g  case o f  the probe coalescing  
u ith  the c en tre , then some o f  the approxim ations involved in  a type  
(a )  rep res e n ta tio n  c le a r ly  gain v a l id i t y .  Furtherm ore, the type (a )  
in d ice s  are very e a s ily  and unambiguously obta ined .
In  order th a t  the p h ys ica l basis o f  these type (a )  in d ice s  might 
be c le a r  from the o u ts e t, they are here defined  as the  f i r s t  and 
second order in te ra c t io n  energies observed in  a h y p o th e tic a l s itu a t io n .  
Use is  made o f  the ZDD o f  atomic o r b ita ls  on d if fe r e n t  c en tres . For 
any given l i m i t  o f  num erical p re c is io n , i t  is  possib le  to  assoc iate  
u ith  each atomic o r b i ta l  a zone uhich e f fe c t iv e ly  contains i t .  At any 
p o in t o u ts id e  th is  zone, the o r b i ta l  fu n c tio n  has n e g lig ib le  value  
according to  the c r ite r io n  s e t . In  order fo r  the d i f f e r e n t ia l  
overlap  o f  tuo atomic o r b ita ls  to be everyuhere zero (o r  a t  le a s t  as 
close to  zero as the square o f  the num erical c r it e r io n  ap p lied  in
d e fin in g  the zones), the  co n d itio n  is  simply th a t  the  zones o f  the
tuo o r b ita ls  do not o v e rla p . On the  basis o f  th is  model, i t  is  c le a r  
th a t u h ile  ZDO may p o ssib ly  apply fo r  tuo o r b ita ls  on d i f fe r e n t  c e n tre s , 
i t  is  a hopeless approxim ation fo r  o r b ita ls  on the same c e n tre .
I f  the o u te r valence subshell o f  an atom has a c e r ta in  associated  
p r in c ip a l quantum number and S la te r  exponent, then the zone co n ta in in g  
a S la te r  s fu n c tio n  u ith  these parameters u i l l  conven iently  co n ta in  the  
zones o f  a l l  atomic o r b ita ls  o f  in te r e s t  on th is  c e n tre . Th is  zone 
may th e re fo re  be termed the "atomic zone".' I f  ue apply a h y p o th e tic a l  
probe to  a molecule re s u lt in g  in  an e le c t r o s ta t ic  p o te n t ia l uhich takes  
a constant v a lu e , in  the zone o f  atom A, but uhich is  zero in  a l l
o th e r atomic zones, then from equation ( 2 .3 5 ) :
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= Vft (Z -  P )A A >  yp '
F
(s in c e  atomic o r b ita ls  in  the valence s h e ll are o rth o g o n a l)*
= VA QA (2 .3 7 )
(uhere is  the n e t charge on A’;Q b Qnet)
and from equation (2 .3 6 b ):
t " - 2  <  T C ^  ^  ^  ^  %<Ak>
^  i  j  ( € l -  ^
occ unocc c c C ,, C^.
V2 -  «A
2 A
uhere: occ unocc c c _
OC^ = 4 JJ1 ^3 V* ^  ( 2 .3S )
. ( C. “p r - € )
For the case o f ju s t  one o r b i t a l ,  y j, on atom A, equation (2 .3 8 )  fo r  the  
atomic p o la r iz a b i l i t y  o f A becomes:
occ unocc „ 2 „ 2  C . C .
.  4 <  < .  &  p y
A >  S  ( 6  -  £ :r  -  e , )
uhich is  the same equation as ( 2 . 2 ) fo r  the se lf-a to m  p o la r iz a b i l i t y  
in  the Huckel method (th e  symbol ' t t * is  not used here to  avoid  
confusion u ith  the l ip o p h i l ic  s u b s titu e n t c o n s tan t). Equations (2 .3 7 )  
and (2 .3 8 )  shou th a t  atomic charge and p o la r iz a b i l i t y  may be 
regarded as the f i r s t  and second d e r iv a t iv e s , re s p e c tiv e ly , o f  energy 
u ith  respect to  a h y p o th e tic a l ap p lied  p o te n t ia l .  T h e ir  " o b s e rv a b ility 1' 
depends on hou n e arly  m ight rep resen t a re a l coulombic p o te n t ia l .
Several q u a n tit ie s  have been defined to represent bond s trength  
in  a l l  valence MO c a lc u la t io n s , in  the same uay th a t t t  bond order  
represents bond s tren g th  in  HOckel c a lc u la tio n s * There is  no sim ple  
analogue, since in  a l l  valence c a lc u la t io n s , a bond betueen, say, 
tuo f i r s t  rou atoms is  represented by a 4 x 4  subm atrix o f bond order  
elem ents. An obvious requirem ent o f any q u a n tity  derived from th is  
subm atrix is  ro ta t io n a l in v a r ia n c e . The tran s fo rm atio n  p ro p e rtie s  o f  
the subm atrix a re:
uhere R is  the orthogonal m atrix  req u ired  to  transform  the e igenvectors  
associated u ith  the o r b ita ls  o f  each atom, upon ro ta t io n . The tra c e  
o f  the subm atrix is  th e re fo re  in v a r ia n t ,  as are q u a n tit ie s  o f  the typ e:
uhere G „ has the same tran s fo rm atio n  p ro p e rtie s  as P _, ynf p r
Taking the case when A and B are f i r s t  rou atoms ly in g  on the  
x a x is , the fo llo u in g  o b jec tio n s  may be ra ised  to  the use o f  th e  tra c e  
o f the subm atrix as an index o f bond s tren g th :
(1 )  The or* bonding terms betueen the  s o r b i ta l  o f  one atom and the
p o r b i ta l  o f  the o th e r, i , e ,  P and P , are ignored ,Kx sx xs ' 3
(2 ) P o s it iv e  cf bonding betueen the tuo o r b ita ls  is  in d ic a te d  by 
a negative  value o f the second diagonal elem ent, P ,■ since the  
overlapping p a rts  o f  the tuo o r b ita ls  are o f opposite  s ig n . Hence, 
in  ta k in g  the tra c e  o f the  subm atrix , one uould be s u b tra c tin g  th is  
p o rtio n  o f  the bonding,
A sim ple uay round the in v a ria n ce  problem is  to  d e fin e  a standard
jj IT
(2 .3 9 )
re fe ren ce  frame to uhich the bond order subm atrix must be re fe rre d
before perform ing the c a lc u la t io n *  Boyd uses th is  procedure in  h is
method fo r  c a lc u la t in g  bond orders betueen f i r s t  rou atoms a t the
(182}a ll-v a le n c e  ZDO le v e l . The re fe ren ce  frame used is  one in
uhich both atoms l i e  on the  x -a x is . (R o ta tio n  o f  the m olecule about
th is  ax is  has no e f fe c t  on the end v a lu e )*  The in d ex, P is  thenAB
defined as:
PnD = P -  P + P + P AB ss xx yy 2 2
The reason given fo r  exclusion  o f the  terms P and P is  sim ply th a tsx xs
they s p o il the f in a l  values obtained fo r  P^B* This emphasises the  
t o t a l ly  e m p iric a l nature  o f the method, fo r  uhich no th e o re t ic a l  
ju s t i f ic a t io n  is  o ffe re d * I t s  basis r e l ie s  e n t ir e ly  on the observation
th a t  P values fo r  a s e rie s  o f  sm all molecules conform u e l l  to  theAts
chemists notion  o f bond o rd e r, and seem to c o rre la te  u ith  bond len g ths  
and fo rce  constants*
Another e m p iric a l index has been defined by U ib e r g ^ ® ^ . Th is
index, here denoted re ta in s  ro ta t io n a l in v aria n ce  by being o fAB
type ( 2 .3 9 ) ,  u ith  = P ^ ,  i . e . :
2
- y *fi V
Uiberg fin d s  th a t  U^g values c a lc u la te d  using CNDD give a good account
o f chemical phenomena, and c o rre la te  u ith  observed NMR coupling  
( 181}constants ' Houever, the  d e f in it io n  is  open to  c r it ic is m  on the
grounds th a t  squaring the terms obscures the d is t in c t io n  betueen  
bonding and antibonding c o n tr ib u tio n s .
Th is  c r it ic is m  cannot be app lied  to  the bond index, b^g, d e fin ed  
by Ehrenson and S e l t r e r ^ ^ ^ .  This is  also o f type (2 .3 9 ) ,  but u ith
( 1 1 7 )This fo rm u la tio n  is  rem in iscen t o f  the R u llik e n  overlap  p o p u la tio n ' ■
Houever, the ZDO approxim ation precludes i t  being regarded as such* 
Because o f  ZDO, i t  is  necessary to  rep lace  the elements o f  the overlap  
m atrix  by the Kronecker d e lta  in  the R u llik e n  popu lation  a n a ly s is ,  
thereby making a l l  overlap  populations zero*
Ehrenson and S e ltz e r  have found th a t  summations o f  CNDO/2 b ._Ab
values fo r  a l l  bonds in  a hydrocarbon provide q u a n tit ie s  uhich
C 18 3} (184)c o rre la te  p re c is e ly  u ith  the  heat o f  form ation  . R e ive r e t  a l
shou th a t  b^g has a s ig n if ic a n t ly  b e tte r  c o rre la tio n  u ith  bond len g th
than UftQ, fo r  a s e rie s  o f  hydrocarbons*
Ab
Ehrenson and S e ltz e r  g ive a th e o re t ic a l exp lanation  o f th e ir
observed c o rre la t io n  u ith  heat o f  form ation by shouing th a t  bnDAb
p a r a l le ls  the bond energy, E,.Q, as defined by the CNDO "energy-
Ab
(141)breakdoun11' ' *  The to t a l  m olecular energy, may be broken
doun in to  monocentric and b ic e n tr ic  c o n tr ib u tio n s :
Et o t EA + ^ 2 ^ eab
A A>B
uhere:
P  / i i r
/
(2 .4 0 )
(uhere U and X ^  are defined in  re fe ren ce  (1 4 1 ))*
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( where * ab is  defined in  re fe ren ce  (1 4 1 ) , and;
P fl = <  P ; P = P >
fl <  W  B < .  W  )
In s tead  o f using a q u a n tity  which approxim ately p a r a l le ls  EnD, theAb
bond index used in  the present work is  E ^  i t s e l f ,  c a lc u la te d  
according to  equation (2 *4 1 )#  This d e f in it io n  does not change fo r  
INDO, although equation (2 ,4 0 )  fo r  the s in g le  centre  energy must be 
amended s l ig h t ly ,  Eft0 may be in te rp re ta te d  as minus the energy change
H a
which would occur i f  the bond between A and 0 could be severed com pletely  
and a d ia b a t ic a lly  i , e ,  w ithout e le c tro n ic  r e d is t r ib u t io n .
I t  is  c le a r  from equation (2 ,4 )  th a t  the  fre e  valence index o f  
the HQckel theory is  sim ply a constant (^ max) minus the sum (N^) o f the  
bond orders in v o lv in g  the atom, r ,  in  question and i t s  neighbours. I t  
is  q u ite  c le a r  th a t  fo r  c o r re la t iv e  purposes, N  ^ alone would be ju s t  
as good an in d ex. An INDO (o r  e q u a lly  w e ll a CNDO) analogue to  has
/  ^gg\
been defined  and used by Clack e t  a l , For an atom A, th is  is  
form ulated as:
£  £ f l £ B >  y
B->A B—^ A
(where B—>A in d ic a te s  a l l  atoms, B, c o v a le n tly  bonded to  A ),
The analogue used in  the present work is  termed the ’‘energy o f  b in d in g ” 
o f atom A to  the  re s t  o f  the m olecule, ^ jnqCa) ,  and is  fo rm ulated  as:
W A> = ^  e ab { 2 - 42)
b ^ a
Note th a t  the  summation is  over a l l  o th e r atoms, B, in  the m olecule ,
so th a t  in te ra c tio n s  o th er than d ir e c t  cova len t bonding are taken in to
account, EDTiurXA) is  minus the energy change which would occur i f  .BIND
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atom A uere removed a d ia b a t ic a lly  from i t s  p o s itio n  in  the molecule 
to  in f in i t y *
The s tro n g est bone o f  contention  in  the author*s  renovation  o f
the  HQckel in d ice s  has been the  tran s fo rm atio n  o f  the  s in g le -c e n tre
charge tra n s fe r  in d ic e s , i . e *  f^ ,  f^ ,  S^, and Z • The th e o re t ic a l9 r  t 9 r 9 r  r
( 7 9 )
basis o f  a l l  these in d ic e s , exept perhaps in  i t s  exact fo rm u la tio n  
is  c le a r ly  shaky* At the same tim e , i t  is  a shame to  abandon com pletely  
a s e t o f  in d ice s  uhich are commonly ab le  to  give s u p e r la tiv e  c o rre la t io n  
u ith  observed chemical phenomena* In  SCF c a lc u la t io n s , i t  is  commonly 
the case th a t  ^gpjg and ^_£pig do not belou and above the zero o f  
energy, re s p e c tiv e ly *  This uould be the case, fo r  example, in  a CNDO 
c a lc u la t io n  on a p o s it iv e  io n , uhen ^ g ^ g  and ^ g ^ g  would both be 
negative* Under such circum stances, s u p e rd e lo c a liz a b il it ie s  c a lc u la te d  
according to  form ulae such as:
sa = - 2
seem o fte n  to  have r id ic u lo u s ly  exaggerated values*
Using the  sim ple extension form ula (2 * 3 2 ) ,  f r o n t ie r  o r b i ta l
d e n s itie s  have commonly been c a lc u la te d  a t  the CNDO/INDO l e v e l ^ ^ * ^ ^  ^
( 1 B7)and even a t  the a b - in i t io  le v e l .  U ith  regard to th e ir  use in
s t r u c tu r e -a c t iv i ty  s tu d ie s , uorkers using a l l  le v e ls  o f  NO theory  have
E Nignored the ban on using f  and f  to  c h a ra c te r iz e  s ite s  in  d i f f e r e n t
, (8 9 ,9 0 ,9 9 ,1 0 5 ,1 5 9 ,1 6 1 ) x A.. ^ Al_ .molecules 9 9  9 9 9 * Exact computation o f  the charge
tra n s fe r  energy, according to  Broun's m o d e l^ ^ , uould be a type (b )
c a lc u la t io n  re q u ir in g  knouledge o f  the a tta c k in g  species* In  o rd er to
re ta in  a s im p le ,typ e  (a ) , charge tra n s fe r  index in  the present uork,
the sim ple f r o n t ie r  e le c tro n  d e n s it ie s  are  in  fa c t  employed* Houever,
because o f the n o rm a liza tio n  problem, any QSAR*s employing them are  
regarded u ith  susp ic ion , p a r t ic u la r ly  i f  th e re  is  a la rg e  s ize
v a r ia t io n  in  the s e rie s  concerned.
As u e ll  as the  sim ple s in g le -c e n tre  and tu o -c e n tre  in d ic e s , 
severa l p ro p e r tie s , uhich can only be associated  u ith  the m olecule as 
a uhole , are presented here as type (a )  in d ic e s . These are the  
f r o n t ie r  o r b i ta l  energ ies (? H0|»jq and 2 ^0 *10  ^* •J-ouest e le c tro n ic  
e x c ita t io n  energy (A ) ,  the d ip o le  moment ( p ) ,  the  m olecular b ind ing  
energy (B E ), the  t o t a l  e le c t r o s ta t ic  energy (E . +) ,  the  m olecular5 Ua w
p o la r iz a b i l i t y  (ex ) and the  Van der Uaals s ize  in d ic e s : meanmol
rad iu s  (R ) ,  m olecular surface  area (SA) and m olecular volume (M V), 
These a l l  re p re s e n t, a t  le a s t  approxim ately, observable q u a n t it ie s .
The f r o n t ie r  o r b i ta l  energies are p re c is e ly  analogous to  those  
used in  the Huckel th eo ry , and need no e x p la n a tio n . The lo u e s t  
e le c tro n ic  e x c ita t io n  energy is  approximated by the d iffe re n c e  
betueen these:
^  = ^LENO ~ ^HONO ( 2 *43)
A i s  re le v a n t to  r e a c t iv i t y  i f  the m olecule reac ts  in  i t s  f i r s t  
exc ited  s ta te . In  th is  case A  represents ( a t  le a s t  in  p a r t)  the  
a c t iv a tio n  energy fo r  the re a c tio n , Tuo previous uorks l i s t  A  as a 
parameter fo r  use in  s t r u c tu r e -a c t iv i ty  s t u d i e s ^ #
A  has fu r th e r  p h ys ica l s ig n if ic a n c e  in  th a t  i t s  re c ip ro c a l,  AT , 
is  a fa c to r  in  the probably dominant term o f  any second order  
p e rtu rb a tio n  expansion. As mentioned, th is  is  the most l i k e ly  reason  
fo r  the a b i l i t y  o f  A  to  rep lace  the l ip o p h i l ic  term in  the c o rre la t io n s  
o f Uald and F e u e r ^ ^ ^ .  In  another uork, S chu ltz and K o llm a n ^ *^  
a c tu a lly  use along u ith  the f^  o f the  n itrogen; and log  P 
(P = o c ta n o l/u a te r  p a r t i t io n  c o e f f ic ie n t )  in  a m u ltip le  regression  
to  exp la in  the a n t ib a c te r ia l  a c t iv i t y  o f  f i f t e e n  arom atic amines. The
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c o rre la t io n  obtained using these independent v a r ia b le s  is  more 
s ig n if ic a n t  than th a t  obta ined using log  P and pKfl. Although these  
stud ies  use Huckel param eters, A   ^ c le a r ly  emerges as an in te re s t in g  
q u a n tity  in  i t s  oun r ig h t .  Houever, the  high degree o f l in e a r  
covariance betueen A"^ and A  makes i t  unecessary to  use both param eters  
in  the  i n i t i a l  search fo r  c o rre la t io n s . A  is  used alone here s ince  
i t  has the m e rit o f  being d ir e c t ly  observable.
The d ip o le  moment c a lc u la t io n  is  performed according to  the Pople
f g'Q\
fo rm u la tio n v , in  uhich monocentric d i f f e r e n t ia l  overlap  is  
re ta in e d  but b ic e n tr ic  d i f f e r e n t ia l  overlap  is  taken to  be ze ro . The 
i t h  component, h , o f  the d ip o le  moment vec to r is  thus given by:
/J . = 2-5416 ^
A p v
(2 .4 4 )
uhere r^ is  the x , y o r z component o f  r ,  as i  = 1 , 2 o r 3 resp ec tiv  ely< 
In  equation ( 2 .4 4 ) ,  the fa c to r  2*5416 is  to  convert from a .u . to  
debyes. The usefulness o f p  l ie s  in  i t s  appearance in  many c la s s ic a l  
in te ra c t io n  energy expressions, and in  i t s  appearance in  form ulae  
fo r  Van der Uaals in te ra c t io n  term s.
The b inding energy, BE, is  used as a measure o f o v e ra ll  m olecular 
s t a b i l i t y .  I t  is  defined by:
BE = E. . t o t -  ^  ^atomic t  ■ . ^
A
AHere E . . is  the  valence e le c tro n  energy o f the is o la te d  n e u tra latomic
atom, A, c a lc u la te d  in  a manner co n s is te n t u ith  the CNDO and INDO 
procedures. I t  is  taken as the average energy fo r  the ground s ta te
c o n fig u ra tio n  o f the atom. For a valence e le c tro n  c o n fig u ra tio n
1 m ,n s p d , ue have:
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EA. . = 1 U + m U + n U . + i  1 (1  -  1 ) X  + Iin  (m -  1) Vatomic ss pp dd . * v / u ss z °  pp
♦ i n  ( n -  l ) X dd + l > ? sp + 1 n X sd + *  n ? pd
Here the core in te g r a ls ,  U, are obtained as described in  re ference
(1 4 1 ) . For CNDO e v a lu a tio n s , the average tuo e le c tro n  in t e g r a ls ,Y ,
are a l l  simply equated t o ^  , the exchange p a r t  being ignored in  a l l
cases. For INDO e v a lu a tio n s , these average in te g ra ls  are  c a lc u la te d
(1 9 1 )according to  the form ulae given by S la te r  . Of the Slater-Condon  
parameters occuring in  these form ulae, F° is  c a lc u la te d  as in  the  
CNDO method, u h ile  a l l  o th e r parameters are given em p iric a l va lu es . 
According to  the above d e f in i t io n ,  BE represents  the heat o f  a to m izatio n  
o f the m olecule a t  0 K.
The to t a l  e le c t r o s ta t ic  energy o f the m olecule, is  o f
in te r e s t  on c a lc u la t in g  s o lv a tio n  energies according to  the Born 
(192)continuum model • . In  th is ,  the i l lo g ic a l  assumption is  made
th a t the s o lven t may s t i l l  be envisaged as a continuous, a ll -p e rv a s iv e  
e th e r , u ith  a c h a ra c te r is t ic  d ie le c t r ic  constant, even uhen the  so lu te  
is  envisaged a t  the m olecular or atomic le v e l .  The Born model uas 
o r ig in a l ly  ap p lied  to  the s o lva tio n  o f  io n s . The ion is  tre a te d  as a 
conducting or non-conducting sphere, o f  rad ius  R, on the surface  o f  
uhich res id es  the u n ifo rm ly  smeared n e t charge, q, o f the io n . I f  
th is  charge is  assumed to  have accumulated by b rin g in g  in f in ite s s im a l  
elements o f  charge from i n f i n i t y ,  i t  is  e a s ily  shoun th a t  th e  e le c tr o -  
s ta t ic  energy o f  the system in  fre e  space is  given by q /2 R . The 
change in  e le c t r o s ta t ic  energy on immersion o f th is  sphere in  a 
medium o f d ie le c t r ic  constant D, is  thus given by:
n2  1
A  E , = ( t t  — 1)sol v 2R D '
The e f fe c t iv e  ra d iu s , R, o f  the ion is  ascribed so th a t the observed
heat o f hydratio n  w i l l  be reproduced when R is  in s e rte d  in to  the Born 
fo rm u la tio n . This crude model has had a considerable  measure o f  
success in  in te rp re t in g  observed thermodynamic b e h a v io u r^ ^ - 4 ) .
The a p p lic a tio n  o f  the Born equation to molecules has g e n e ra lly  
taken the form o f separa tion  o f the  molecule in to  atomic spheres o f  
e f fe c t iv e  r a d i i  r /  and n e t charges q^, the l a t t e r  being determ ined  
by an MO c a lc u la t io n  fo llo w ed  by a N u llik e n  popu lation  a n a ly s is .
3 u st ta k in g  in to  account the e le c tr o s ta t ic  energy o f each atomic
(195)sphere considered s e p a ra te ly , the fo llo w in g  form ula has been usedv ' :
Z
A e = *> -A— -  1)solv 2 r± j
(uhere the summation is  over a l l  atoms in  the m o lecu le ).
H o ijt in k  e t  a l ^ 9^  c r i t ic i s e  th is  expression, which gives values o f
A e , too low in  magnitude. To in c lu d e  the e le c t r o s ta t ic  in te ra c t io n  solv
between atoms, they suggest the form ula:
A e  = £  K  ( ±  -  1)so lv  2 r .  . VD '. >  i j
1  J
i  i i  i > j  i j
where r . . is  the  d is tan ce  between atoms i  and j ,  and r . . is  the  
iJ  n
e f fe c t iv e  rad ius  o f atom i .
Uhen an e le c t r ic  charge d is t r ib u t io n ,  o f  p o te n t ia l energy E “ 
in  fre e  space, is  immersed in  the d ie le c t r ic  medium, the change in  
energy, assuming no r e d is tr ib u t io n  o f  charge, is  simply given by:
A e . = (7: -  1) E . (2 .4 6 )so lv  D e lec
This fo llo w s  because the  coulombic in te ra c t io n  energy o f every p a ir  o f  
charge elements in  the d is tr ib u t io n  is  m u lt ip lie d  by the  same fa c to r ,
( 1 6 1 }1 /0 ,  on immersion. From th is  s tan d p o in t, the form ula o f 3ano' /
fo r  s o lv a tio n  energy uses the fo llo w in g  approxim ation fo r  E ,e lec
in  ( 2 .4 6 ) :
^elec ” ^ qi  ^ i i  + qi  ^ j ^ i j
i  * i >  j  ,
where the ^ *s  are coulomb rep u ls io n  in te g ra ls .
In s tead  o f  try in g  to  c a lc u la te  the e le c tr o s ta t ic  energy by
assuming the molecule to be a c la s s ic a l charge d is t r ib u t io n ,  as d id
3ano, and as is  im p l ic i t  in  the H o ijt in k  fo rm u la tio n , an a ttem pt is
made here to  c a lc u la te  i t  quantum m echan ically . The method employs
the v i r i a l  theorem, by which the p o te n t ia l ( e le c t r o s ta t ic )  energy o f
any m olecule is  sim ply tw ice  i t s  to t a l  energy (remembering th a t  both
q u a n tit ie s  are n e g a t iv e ). The BE, defined above, represents  the
energy o f the  molecule above th a t o f i t s  c o n s titu e n t atoms in  th e ir
n e u tra l ground s ta te s . Hence, by adding the H artree-Fock ground 
( 1 9 7 )
s ta te  energy' 1 o f  each c o n s titu e n t atom to  BE, we a r r iv e  a t  the
to t a l  energy o f the m olecule above th a t  o f the n u c le i and e le c tro n s
a t  in f i n i t e  sep ara tio n . Doubling th is  to t a l  energy gives Eej ec*
A dm itted ly , th is  estim ate  o f  E . does not in c lu d e  c o rre la t io n6<i © C
energy, but a t  le a s t  i t  inc ludes the exchange in te ra c t io n  obta ined  
from the  s in g le  S la te r  de term inanta l w avefunction* This term has 
apparently  been ignored in  a l l  previous trea tm en ts ,
(1 9 4 )
There are many fa i l in g s  in  the Born theory o f s o lv a tio n ' 7 .
Some o f  these may be f i l l e d  by re fin em en ts , such as ta k in g  account o f
(1 9 8 )
the v a r ia t io n  o f d ie le c t r ic  constant u ith  e le c t r ic  f i e ld  s tre n g th
(199)Houever, as s ta ted  in  Conway*s rev iew ' "continuum th e o rie s  o f
io n ic  hydratio n  based on the Born equation seem to  have reached an 
asym ptotic l i m i t  o f  usefulness or a p p l ic a b i l i t y " .  As regards the  WO 
d e sc rip tio n  o f s o lv a tio n , the most lo g ic a l and rigorous trea tm en t
in vo lves  the supermolecule approach^^^^. The most s ta b le  p o s itio n s
are found fo r  e x p l ic i t ly  considered w ater molecules in  the environment
o f  the so lu te  m olecule, t h e i r  e f fe c t  on the so lu te  m olecule conform ation,
and the o v e ra ll in te ra c t io n  energy being deduced. A much less  exacting
"m iddle o f  the road" procedure fo r  determ ining s o lva tio n  e ffe c ts  makes
( 201)use o f  models such as the Onsager re a c tio n  f i e l d  th eo ry ' , uhich  
take  account o f the d ip o la r  and o th e r p ro p e rtie s  o f  H^O molecules  
surrounding the so lu te  m olecule, w ithout considering each H^O species  
e x p l ic i t ly .
One o f  the groups to  make use o f  th is  approach is  Beveridge and 
( 202)couorkers . They consider the  s o lva tio n  energy to  c o n s is t o f
th re e  term s: the Onsager term , a llo w in g  fo r  the p o la r iz in g  e f fe c t  o f
the s o lu te  d ip o le  moment on the surrounding m olecules; the d isp ers io n
( 2 0 3 )s o lu te -s o lv e n t in te r a c t io n , c a lc u la te d  by the method o f  S inanoglu ' 
the energy o f  c a v ity  form ation  in  the so lven t on in s e r t in g  a s o lu te  
m olecule, th is  term being the product o f  the m icroscopic su rface  
tens ion  o f the so lven t and the surface  area o f the so lu te  m olecule . 
U n fo rtu n a te ly , on ly  the la s t  o f  these terms is  considered in  the  p resen t 
work, v ia  the m olecular surface  area c a lc u la t io n  described below.
Late in  h is  research , the author has developed an in t r ic a t e  scheme 
fo r  c a lc u la t in g  both types o f  permanent d ipo le -in duced  d ip o le  
in te r a c t io n , i . e .  the Onsager term and a "reverse-Onsager" term to  
take account o f  the  p o la r iz a t io n  o f  the  so lu te  molecules by the  so lve n t 
d ip o les . For n e u tra l o rgan ic  m olecules in  aqueous s o lu tio n , th is  
l a t t e r  term is  commonly dominant. A very encouraging c o r re la t io n  has 
been obta ined in  a m u ltip le  regression  o f heat o f  s o lu tio n  ( a t  i n f i n i t e  
d ilu t io n )  on these two terms a lone, fo r  f i f t e e n  o rgan ic  m olecules.
However, since these terms were not c a lc u la te d  fo r  any o f the drug 
s erie s  considered h e re in , fu r th e r  d e s c rip tio n  would be redundant.
I t  is  u e ll  knoun th a t  m olecular p o la r iz a b i l i t y  i s ,  to  a la rg e
e x te n t, an a d d it iv e -c o n s t itu t iv e  p ro p e rty , i t  being p o ssib le  to
assoc iate  p a r t ia l  p o la r iz a b i l i t ie s  u ith  atoms and fu n c tio n a l g r o u p s ^ ^
or chemical b o n d s ^ ^ ^ #  I t  is  thereby possib le  to make f a i r l y  accurate
p re d ic tio n s  o f the  p o la r iz a b i l i t y  o f a m olecule, given i t s  s tru c tu ra l
formula# MO c a lc u la te d  p o la r iz a b i l i t ie s  tend to f a l l  u e l l  s h o rt o f
th is  le v e l o f  accuracy^ • One o f  the  more successful MO approaches
has been th a t  o f  Hush and W illiam s^ • In  t h e i r  CNDO/2 f i n i t e -
p e rtu rb a tio n  method, i t  is  possib le  to  get a high le v e l o f accuracy
i f  an e m p iric a l c o rrec tio n  term is  added fo r  each atom to  a llo u  fo r
the high energy e le c tro n ic  e x c ita tio n s  excluded by the use o f  a
valence basis set# W ithout such e m p iric a l c o rre c tio n s , o th e r authors
have been ab le  to improve on the re s u lts  o f  H artree-Fock p e rtu rb a tio n
(207)c a lc u la tio n s  by using extended basis sets . I t  is  in e v ita b le  
th a t  the propagation o f  such refinem ents u i l l  lead  to  ever b e tte r  
agreement.
In  the present uork, the requirem ent is  to  make u sefu l p re d ic tio n s  
about m olecular p ro p e rtie s , not to  demonstrate the u lt im a te  correctness  
o f quantum mechanics# U ith  regard to  the  method o f  Hush and W illia m s , 
i t  is  apparent th a t  the  i t e r a t iv e  SCF procedure must be repeated  
severa l tim es , u ith  d i f fe r e n t  values o f  f i e ld  strengths ( f o r  each f i e l d  
d ir e c t io n ) ,  so th a t  curve f i t t i n g  may be employed to  f in d  the  f i r s t  
d e riv a tiv e s  o f  d ip o le  moment u ith  respect to  f i e ld  s tre n g th . Th is  
is  too expensive and ted ious  a procedure to  perform  fo r  a uhole s e rie s  
o f molecules on the o ff-ch an ce  o f f in d in g  a c o rre la t io n  u ith  drug 
a c t iv i t y .  The u h o lly  em p irica l a d d it iv e  method is  employed here to  
f in d  the  mean o f the  tra c e  o f  the p o la r iz a b i l i t y  ten so r. No 
considera tion  is  made o f  the in d iv id u a l components o f the  te n s o r, or  
i t s  anisotropy#
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E m p irica l estim ates o f the mean p o la r iz a b i l i t y ,  are
commonly obtained v ia  the m olecular r e f r a c t iv i t y ,  R , ,  making usemol
o f the fo llo w in g  r e la t i o n s h i p ^ 8^:
R . = 4 /3  n N <V , mol '  o ^ m o l
where Nq is  Avogadro*s number# Rm02  may ^e estim ated as a sum o f
ta b u la ted  " r e f r a c t iv i t i e s ’*, each one being c h a ra c te r is t ic  o f  a
p a r t ic u la r  fragm ent o f  the molecule# The w ell, known com pila tion  o f  
f 204s)Vogel l i s t s  both environment dependent atomic and group
r e f r a c t iv i t ie s #
I f  the in p u t data fo r  a computation o f m olecular p ro p e rtie s  is
m erely the atomic c o -o rd in a te s , i t  is  d i f f i c u l t  to  program the
re c o g n itio n  o f the form al chemical environment o f each atom# I t  is
also  d i f f i c u l t  to  program the most ap p ro p ria te  su b d iv is io n  o f  the
molecule in to  recognized groups# For the sake o f ease, a s e t o f
environment independent atomic p a r t ia l  p o la r iz a b i l i t ie s ,  Sod ,  have
(209)been o b ta in ed , using the e x p e r i m e n t a l v a l u e s  fo r  e ig h ty -
s ix  molecules# By computing a m u ltip le  regression  forced through the  
o r ig in ,  the le a s t -s q u a r e s -b e s t - f it  values o f Sod are  obtained fo r  
H, C, N, 0 , F , S, C l and Br# In  th is  way equal w eight is  g iven to  
a l l  e ig h ty -s ix  data  points# Values o f  fo r  a l l  o th er n o n -in e r t
elements up to  Br a re  c a lc u la te d  using the fo llo w in g  observed r
C (210)re la t io n s h ip  between doc and the H artree-Fock c a lc u la te d  ©£ values ,
0Cj.jp> fo r  the is o la te d  n e u tra l atoms:
0*9754 ( i0 *0 4 9 6 j 0CHp -  0*175 ( i0 *1 0 8 )
whejre the number o f  data (n ) = 8 ; the standard e rro r  o f estim ate  (s )  = 0*1706; 
the c o rre la t io n  c o e f f ic ie n t  ( r ) = t  0*9924; the variance r a t io  (F ) = 3 8 9 *4 #
The values obtained are shown below in  ta b le  2*1# Those values
obtained v ia  oC^ p from the above equation are  given in  square parentheses#
ATOM SoC(P 3) ATOM S o Z (A 3)
H 0*210 (1 *0 13 ) Ca 32*793
L i 15*431 Sc 25*965
Be 7*404 T i 21*674
B 3*171 \I 18*455
C 1*476 (1 *0 26 ) ; Cr 16*016
N 0*985 (1 *0 60 ) Mn 14*066
0 0*696 (1 *0 53 ) Fe 1 2 * 2 1 2
F 0*381 (1 *0 61 ) Co 10*847
Na 17*967 Ni 9*774
Mb 13*578 Cu 8*701
A1 10*554 Zn 7*745
S i 6*467 Ga 8*906
J> 4*136 Ge '6 *623
5 3*377 (1 *131 ) As 4*917
Cl 2*274 (1 *0 44 ) Se 4*214
F *
36*207 Br 3*415 ( 1*080 )
Table 2*1• P a r t ia l  atomic p o la r iz a b i l i t ie s *
The fo llo w in g  s t a t is t ic a l  param eters were obtained fo r  the  
m u ltip le  l in e a r  regression  o fO ^ Q  ^ on the number o f  H*s, C*s, N *s, 
0 *s , F *s , S *s , C l*s  and B rf s in  the m olecule:
n = 8 6 , s = 0*31886, r  = 0*99943, F (8 ,7 9 ) = 8474*0
Since the  F s t a t is t ic a l  parameter fo r  the regression  is  so:enormous 
th a t  the  o v e ra ll  s ig n if ic a n c e  o f th e  re la tio n s h ip  is  beyond q u estio n , 
i t  only remains to  look a t  the t -v a lu e s  fo r  the  in d iv id u a l regress ion
c o e ff ic ie n ts *  These are obtained by d iv id in g  the regression  
c o e f f ic ie n ts ,  given in  ta b le  2 * 1 , by t h e i r  standard e r ro rs , which 
fo llo w  in  round brackets* Each t -v a lu e  in d ic a te s  a s ig n if ic a n c e
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above 99*9^ , although the value fo r  f lu o r in e  (6 *1 93 ) is  markedly 
lower than those fo r  the o th er seven elements considered. The 
s t a t is t ic a l  param eter o f  perhaps the  most in te r e s t  is  s, which
3
suggests th a t  may he estim ated to  w ith in  about 0*5 A fo r  any
n e u tra l molecule co n ta in in g  none o th e r than the e ig h t elements
considered e x p l ic i t ly .  Estim ates made from the values in
square brackets are much more s p e c u la tiv e . The observed £>C .mol
values fo r  the e ig h ty -s ix  compounds are l is t e d  below, in  ta b le  2 . 2 , 
alongside the  values obtained by summing the C^>Cf s.
The usefu lness o f  ^ m02 comes from i t s  appearance in  severa l
formulae r e la t in g  to  Van der Uaals in te ra c t io n s . For s p e c if ic
considera tion  o f London (d is p e rs io n ) in te r a c t io n , a case can be
made fo r  using the product o f  io n iz a t io n  p o te n t ia l and p o la r iz a b i l i t y
in  order to c h a ra c te r ize  the le v e l o f  in te r a c t io n . Using th is
( 211)product, Agin e t  a l ob ta in  an e x c e lle n t c o rre la t io n  w ith  the
an aes th e tic  a c t iv i t y  o f  th ir ty -n in e  organic  compounds on fro g  
s a rto r iu s  muscle. An exam ination o f  th e ir  va lu es , however, re v e a ls  
th a t  the v a r ia t io n  in  io n iz a t io n  p o te n t ia l through the s e rie s  is  
sm all compared w ith  the  v a r ia t io n  in  p o la r iz a b i l i t y ,  so th a t  the  
l a t t e r  fa c to r  m ight alm ost as u e l l  have been used in  is o la t io n .  The 
product o f ^ qjvjq ancl ^m o l has not been used as an index in  the  
present work, though i t  m ight be placed on a " l i s t  o f  p o s s ib le s " .
The s iz e  in d ices  used in  the p resen t work are  a l l  tj^sed on the  
( 2 1 3)
model o f  BondiA , in  which the m olecular p r o f i le  is  de fined  by
the o u te r surface  o f  a conglom eration o f  atomic spheres. Each o f
these spheres is  centred on the n u c lear c o -o rd in a te  o f the p a r t ic u la r
atom in  the m olecule, and has a rad iu s  equal to  the ta b u la te d ,
( 212)observed Van der Uaals rad ius  fo r  th a t  elem ent. A ll  th re e
param eters, i . e .  R, SA and MV, are determined from th is  p r o f i le  by
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Table 2 .2 .  Mean m olecular p o la r iz a b i l i t ie s .
Formula
BrCH.
BrG6 H5
BrH
Br2 CH2
Br3CH
CC1H„
c c i2 h2
c d 2o
CC13H
CC1.
CFH3
cf3h
CF4
CHN
ch2o
ch3no
CH.
CH,04
CO
C 0 2
CS„
C2 C1H2N
C2C1H5
C2C13N
c2 h2
c2 h3n
C2H4
Name ( i f  needed)
formamide
methyl a lco h o l
chlorocyanomethane
trichlorocyanom ethane
methyl cyanide
O C „o l(c a lc )
5*52 
13.32  
3*63  
8*73  
11*93  
4*38  
6*44  
6*72  
8*51 
10*57  
2*49  
2*83  
3*00  
2*67  
2*59  
3*79  
2*32  
3*01 I 
2*173  
2*87  
8*23  
6*63  
6*28  
10*76  
3*37  
4*57  
3*79
c W (obs)
(a ) 
(c )
(b) 
(a )  
(a )
(a) 
(a) 
(a) 
(a) 
(a )  
(a )  
(a )  
(a )
2 * 5 9 ^  
2 * 4 5 ^  
4 * 0 8 ^  
2 * 6 2 ^  
3 * 3 2 ^
5*61
13*61
3*61
8*68
11*84
4*55
6*82
6*78
8*53
10*51
2*62
2*81
2*92
(b )1*977
2 * 6 3 ^
8 * 7 4 ^  
,(a)6*10
6*40
10*42
3*33
4*48
4*26
(c)
(a )
(c )
(a )
(c)
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Table 2 .2 . continued.
*
C2H^0 ethylene oxide 4*49 4*43
Formula Name ( i f  needed) OCrooi(calc) ^Tnol^°bs^
C2H^0 acetaldehyde 4*49 4 * 5 9 ^
C2H5N0 acetamide 5*68 5 * 6 7 ^
C^ H^ -NO methyl formamide 5*68 5 * 9 1 ^
C2H6 4*21 4 * 4 7 ^
CoHc0 dimethyl ether 4*91 5 * 2 4 ^c o
C2H60 ethyl alcohol 4*91 5*11
C2N2 cyanogen 4*92 5*01
^3^2^2 dicyanomethane 6*82 5*79
C^HgN ethyl cyanide 6*46 6*24
C^ HgO acetone 6*39 6*39
C^ H^ NO n-dimethyl formamide 7*58 7*81
C^ H^ NO n-methylacetamide 7*58 7*82
C3H0 6*11 6*38
C3Hfl0 isopropyl alcohol 6*81 6*97
C^ H^ N isopropyl cyanide 8*36 8*05
C^ HQ0 methyl-ethyl ketone 8*28 8*13
C4H0O2 p-dioxan 8*98 8*60
C^ H^ N t-butylcyanide 8*78 9*59
C,H«_ n-butane 8*01 8*124 10
C^H^p isobutane 8*01 8*14'
C4Hi 00 d iethyl ether 8*70 8*73'
Cj-HgN pyridine 9*42 9*50*
9 2 -
Table 2 . 2 / continued.
*
Formula Name ( i f  needed) ° W C a lc ) ^m ol( ° bs)
C5H12 neo-pentane 9*90 1 0 *2 0 ^
C6C1H5 12*18 12*25^°^
■C6C l2H4
o-dichlorobenzene 14*25 14*1
C6C12H4 m-dichlorobenzene 14*25 1 4 *2 3 ^
C6C12H4 p-dichlorobenzene 14*25 14*47^°^
C6H5N02 12*29 12*92^°^
C6H6 10*12 10*32^°^
C6H12 cyclohexane 11*38 1 1 *0 0 ^
C6H14 n-hexane 11*80 1 1 *7 8 ^
W di-n-propyl ether 12*49 12*50^C  ^
/  \
C7H8 toluene 12*01 12*26
C7H14° di-isopropyl ketone 13*97 1 3 *5 3 ^
C7H16 n-heptane 13*69 13*61
C8H10 o-xylene 13*91 14*10^C^
C8H10 m-xylene 13*91 1 4 *1 8 ^
O«
-
X
CO
o p-xylene 13*91 1 4 * 2 0 ^
C8H18 n-octane 15*59 1 5 * 4 4 ^
C8H18 3-methyl-heptane 15*59 1 5 *4 4 ^
00t"
Xoo
u 2,2,4-trim ethylpentane 15*59 15*44^C^
C10H22 n-decane 19*38 1 9 *1 0 ^
C12H26 n-dodecane 23*18 22*75^C^
Clfl 2*48 2 * 6 0 ^
C12 4*55 4*61
FH 0*59 0 * 8 4 ^
H2 0*420 0*819^b^
h2o 1*12 1*45^b^
Table 2 *2* continued*
Formula* Name ( i f  needed) ° i a o l (c a lc ) ° i o l (obs)
0 ,
N20
N,
NO
h3n
2
2
4*77
2*67
1*393
1*970
1*68
1*62
3*80
*  Elements in  s t r i c t  a lp h a b e tic a l order
(a ) see re fe ren ce  (209a)
(b ) see re fe ren ce  (209b)
(c ) see re fe re n c e  (209c)
num erical methods, s ince to  program the a n a ly t ic a l  c a lc u la t io n  fo r  a l l  
possib le  c o n fig u ra tio n s  o f overlapp ing  spheres uould be a monumental 
task*
R and SA are  determined in  the same ro u tin e *  The surface  o f  each
2
atomic sphere is  d iv id ed  in to  segments o f area not g re a te r than 0*1 A •
I t  is  then determined uhich o f these segments l i e  on the e x te rn a l m olecular 
p r o f i le *  For each segment uhich does l i e  on the p r o f i le ,  the fo llo w in g  
occurs in  the computation: the area o f the segment is  inc luded  in to  tfte  
surface area summation; the d is tance o f the segment from the c en tre  o f  
mass o f the m o le c u le Is  used in  the mean rad iu s  c a lc u la t io n *
In  the m olecular volume c a lc u la t io n , a re c tan g u la r s o lid  is  d e fin ed  
such th a t  a l l  i t s  faces touch the m olecular p r o f i le *  The s o lid  is
segmented in to  cubes o f s ide 0*1 A* I t  is  then determined uhich o f 
these cubes l i e  u ith in  the m olecular p r o f i le ,  and a sim ple counting  
procedure is  used to  o b ta in  the m olecular volume*
As expla ined in  chapter 1 , the m olecular s ize  in d ice s  are  re le v a n t  
to  b io lo g ic a l in te ra c tio n s  because o f  th e ir  e f fe c t  on membrane perm eation* 
M olecu lar surface area a lso  a ffe c ts  s o lv a tio n  energy, as exp la ined  above, 
and even c o rre la te s  u ith  the logarithm  o f u a te r s o lu b i l i t y  in  hydro­
carbons and a l ip h a t ic  a lc o h o ls ^  Both m olecular surface a r e a ^ ^ ,  
and m olecular v o lu m e ^  ^  have been c o rre la te d  u ith  the lo g arith m  o f  
the o c ta n o l/u a te r  p a r t i t io n  c o e f f ic ie n t*
The e le c t r o s ta t ic  in te ra c t io n  energy o f tuo charge d is t r ib u t io n s ,
 ^ and ^  is  given by equation (2 *4 7 ):
F igure 2 *2* C o-ord inate  system fo r  the tuo charge d is tr ib u t io n s *
I t  is  convenient to  d e fin e  a co -o rd in a te  system u ith  i t s  o r ig in  a t  the  
cen tre  o f d is t r ib u t io n  R, as shoun in  f ig u re  2 *2* I t  is  necessary to
coul
(2 .4 7 )
develop the in verse  o f r ^  using the Neuman expansion:
+1
12 1 = 0  m =-l
( 1  ~ 1" ! ) '  - r .l  „ p H  ( c 0 8  g )
( i  + |mi > I r 1+1 i  ' V
2
P W  (cos S2 ) eim&
(assuming ^ r ^ )
Su bstitu ting  (2 .48) in to  (2*47) ue get:
(2 .48)
"coul U  +  S ' " ! ) !  I f f f f i ( r i ’ 81* r i
1=0 ro=—1
(cos 9^) elm^  t 2 s in  6  ^ dB.j d ^
■X f f f  . , R Pl|m l(c° S 6 2 } -im jfc. 2
• JJJ ^ 0  2 9 2 9 * V  r  1 + 1  ®  r 2
s in  &2 dr2 dB2 dj^
v  £  <  ° i ( r ) (0)
1 = 0  m =-l
where:
lmj
m
( i  - (ml
( i  + I ml !
2  . s in e dr
Ri- 1 ml )!]
[ u  + im) ).li
2  s in 6 dr
(2 .49)
f R( r ,  B, r l  p|m) ( cos g)
(2 .50)
(2 .51)
Here, in  p o la r c o -o rd in a te s , q” ( r ) is  the comP °nen^ the 1th  
pole o f charge d is t r ib u t io n  ^  about the o r ig in ,  w h ile  V/!^(o) i s  the
mth'fcomponent o f  the 1 th  d e r iv a t iv e  o f  the p o te n t ia l due to  charge
0  0 . . .  d is tr ib u t io n  ^  a t  the o r ig in .  Hence Qg and l/g have sim ple id e n t i t y
u ith  charge and e le c t r o s ta t ic  p o te n t ia l .  The components o f  the  d ip o le
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moment, Ju, and e le c t r ic  f i e l d ,  E, in  c a rte s ia n  co -o rd in a tes  are  given  
by:
Px = 7?”  ^Q1 + °1 ) Ex °  j T  ^U1 + U1 ^
= rb ^  -  aT1) ey -1 7 ?  (U1 -  yi 1j
0  0
P i  = Q1 EZ = W1
I t  may be seen from equations (2 *4 9 ) and (2 *5 0 ) th a t  as regards  
i t s  in te ra c t io n  w ith  charge d is t r ib u t io n  charge d is tr ib u t io n  
may be represented by a m u ltip o le  expansion about a p o in t in s id e  R.
For a fix e d  d is t r ib u t io n  >^R, the coulombic in te ra c t io n  energy is  thus 
determined by the values o f  the d e r iv a tiv e s  o f the e le c tr o s ta t ic
p o te n t ia l due to  a t  th is  p o in t .  For a fix e d  recep to r m olecule, R,
in te ra c t in g  on d i f f e r e n t  occasions u ith  each o f a s e rie s  o f drug m olecules, 
0 , i t  i s  on ly  necessary to  knou these d e r iv a t iv e  va lues , w ith o u t knowing 
anything about the re c e p to r, in  order to  c h a ra c te ris e  the drug m olecule  
according to  i t s  le v e l  o f e le c t r o s ta t ic  in te ra c t io n  energy w ith  the  
re c e p to r . Y et, where in  the given re fe ren ce  frame (see f ig u re  2 . 2 . ) ,  
and in  what o r ie n ta t io n , must we p lace  the drug m olecule?.
Since we knou nothing about the re c e p to r , i t  is  necessary to  f i x  
a new "drug m olecule1' re fe ren ce  fram e. The above question may then be 
re s ta te d : where in  the environment o f the drug molecule must we p lace
the recep to r p o in t ( i . e .  the cen tre  fo r  m u ltip o le  expansion o f  the  
recep to r charge d is t r ib u t io n )? .  A l l  we knou is  th a t ,  as the drug and 
i t s  re ce p to r form some s o r t  o f  complex, we would expect th e ir  r e la t iv e  
o r ie n ta t io n  to  be one o f s t a b i l i t y .  Given the p rec ise  form o f the  
recep to r i t  uould be p o ssib le  (though not easy) to  f in d  the favoured  
r e la t iv e  o r ie n ta t io n s , one o f uhich uould correspond to  the g lo b a l 
energy minimum. I t  is  e v id e n t th a t  u ith  knowledge confined to  a s in g le
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drug molecule and w ith  no knowledge o f the re c e p to r, the question is  
unanswerable*
Given a s e r ie s  o f molecules u ith  very c lose s tru c tu ra l s im i la r i t y ,  
as is  the case when a common, dominant m oiety has a s e rie s  o f d i f fe r e n t  
s u b s titu e n ts , i t  i s  p o ss ib le  to  assume th a t  the recep to r p o in t takes  
the same p o s itio n  r e la t iv e  to the common m oiety in  a l l  m olecules*
Choosing a s p ec u la tive  re ce p to r p o in t , , , i t  is  then p ossib le  to  c a lc u la te  
the d e r iv a tiv e s  o f e le c t r o s ta t ic  p o te n t ia l fo r  each molecule in  the  
s e rie s *  I f  a l l  the molecules e l i c i t  a s im ila r  response by in te ra c t in g  
u ith  the recep to r in  q uestion , i t  m ight be expected th a t  the observed  
drug a c t iv i t y  would c o rre la te  w ith  the d ru g -recep to r in te ra c t io n  energy. 
Since the magnitude o f  the poles o f the recep to r charge d is t r ib u t io n  
are unknown, the various c o e f f ic ie n ts  r e la t in g  drug a c t iv i t y  to  the  
d e r iv a tiv e s  o f p o te n t ia l a t  the recep to r p o in t must be determ ined by 
m u ltip le  reg ress io n * The s t a t is t ic a l  parameters p e rta in in g  to  th is  
regress ion  then provide  a te s t  o f the hypothesis*
The snag which is  in h e re n t in  th is  approach re s u lts  from the fa c t  
th a t  equation (2 *4 9 ) is  an i n f i n i t e  s e rie s  expansion* Given n m olecules  
fo r  which drug a c t iv i t ie s  are a v a ila b le ,  we can on ly  determ ine n -  1 
regress ion  c o e f f ic ie n ts ,  the rem aining degree o f freedom being req u ire d  
to  determ ine the constant term * I t  i s  th e re fo re  necessary to  tru n c a te  
the s e rie s  (2 * 4 9 ) ,  so th a t ,  say, p terms rem ain* In  order to  make a 
m eaningful! deduction o f the s t a t is t ic a l  s ig n if ic a n c e  o f the re g res s io n , 
i t  is  necessary th a t  n ^  p* In  the p resen t work, p is  s e t a t  4 in  a l l  
cases, i * e *  on ly  the e le c t r o s ta t ic  p o te n t ia l and the th ree  components o f  
e le c t r ic  f i e ld  are determ ined*
Once the e le c t r o s ta t ic  p o te n t ia l ,  V, and the components, C^, o f  
the e le c t r ic  f i e ld  have been c a lc u la te d  fo r  a given p o in t in  the  m olecu lar  
environm ent, i t  i s  a sim ple m atter to  c a lc u la te  in d ice s  a p p ro p ria te  to
the a b i l i t y  o f the molecule to  p o la r iz e  a recep to r fragm ent in  the
v ic in i t y  o f th is  p o in t .  Provided the e .p .  t a i l s  o f f  ra p id ly  over the
2re s t  o f  the re c e p to r , then an ap p ro p ria te  index m ight be V ,  which
en ters  the second order energy equation (2 .3 8 a ) .  I f  the fragm ent o f
the re ce p to r is  represented by a p o la r iz a b i l i t y  ten so r, u ith  elements
0(. then the second o rd er in te ra c t io n  w ith  the molecule is
-  i  . E. E . .  The ap p ro p ria te  in d ic e s  fo r  th is  type o f in te ra c t io ni j  i  j
are the s ix  d is t in c t  p roducts , E  ^ E . .  These s ix  products are here
2 ; 2 
reduced to  one, E (which en ters  the expression -%■£ oL £ , fo r  the
case o f  an is o tro p ic  p o la r iz a b i l i t y  tensor o f  magnitude < x ) ,  fo r
s t a t i s t ic a l  reasons.
Second-order in te ra c tio n s  o f  s im ila r  importance to the p o la r iz a t io n  
o f  the recep to r by the drug m olecule are  the p o la r iz a t io n  o f the  drug 
m olecule by the recep to r and the d isp ers io n  in te r a c t io n .  The d isp ers io n  
in te ra c t io n  cannot be c a lc u la te d  w ith o u t knowledge o f the rece p to r wave- 
fu n c tio n . I t  i s ,  however, p o ssib le  to  c a lc u la te  the energy terms * 
corresponding to  the p o la r iz a t io n  o f  the  molecule by a p o in t charge, 
p o in t d ip o le , e tc .  placed a t  the rece p to r p o in t. I f  we consider 
p o la r iz a t io n  by a p o in t d ip o le , ue in tro d u ce  two more degrees o f freedom  
in to  the search o f  the  m olecular environment i . e .  those re q u ire d  to  f i x  
the o r ie n ta t io n  o f  the d ip o le . Because o f  th is  type o f argument, o n ly  
the  second-order term corresponding to  the p o la r iz a t io n  o f the m olecule  
by a p o in t charge is  c a lc u la te d  h ere , fo r  each recep to r p o in t .
S u b s titu tio n  o f  « -  l / r ^  (where f p* denotes a p o in t in  the  
m olecular environment u ith  p o s it iv e  v e c t o r ^ )  in to  equation (2 .3 5 )
. • m ry
gives the form ula fo r  the e le c t r o s ta t ic  p o te n t ia l ( e .p . )  a t  r^ :
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where:
> r " v ' , r ip  
Equation (2 *5 2 ) is  a lso  obtained by in s e r t in g :
p ( r )  » ^  f y T )  / , , ( ? )  (2 .5 3 )
n
in to  equation (2 .3 3 ) •  Employing the bond order m atrix  obtained from a
(171 b)sm all basis ab i n i t i o  c a lc u la t io n , Bonaccorsi e t  a l  o b ta in  the
in -p la n e  e .p . map shown in  f ig u re  ( 2 * 3 ) ,  fo r  guanine.
G ie s s n e r-P re ttre  and P u llm a n ^ ^ ^  have compared fo u r methods fo r  
c a lc u la t in g  e .p . 's  from CNDO/2 or INDO uavefunctions:
(1 ) Complete n eg lec t o f  d i f f e r e n t ia l  overlap  req u ires  th a t  on ly  the
Pdiagonal elem ents, VI 9 be re ta in e d . These elements have e s s e n t ia l ly  
the same form as the core a t t r a c t io n  in te g r a ls ,  \ l  ^ ( i . e .  the a t t r a c t io n  
o f an e le c tro n  in  AO /f on A, by the core charge o f B ), which c o n tr ib u te
P
to the H • The n e g lec t o f  p e n e tra tio n , which ch arac te rise?  the CNDO/2
PP
method, re q u ire s  th a t  the core charge o f B i s ,  fo r  the c a lc u la t io n  o f  
^AB* srneared ou*  in  such a uay as to  be homogeneous u ith  the is o la te d -  
atom valence e le c tro n  d is t r ib u t io n  o f  B. Thus:
.. VAB *  ZB^AB : ,
uhere is  the rep u ls io n  between an s valence e le c tro n  on A and an s
. ... - ........ Mu .'■■■■■■■......................-   - - - ■ -  —
p
valence e le c tro n  on B. For the purpose o f the c a lc u la t io n  o f V , we
PH
might smear the p o in t charge a t  p over the 1 s e le c tro n  d is t r ib u t io n  o f  
a hydrogen atom, H, centred a t  p , so th a t:
y jy  ~ ^yuyVAH
~ PX h> (2 .5 4 )
Ap
uhere:
* <  IT
The CNDO/2, in -p la n e  map fo r  guanine o b ta in e d ^  ^  using equation  
(2 *5 4 ) is  shoun in  f ig u re  2 .4 a .
(2 ) I f  we do not n e g lec t p e n e tra tio n , but s t i l l  s p h e r ic a lly  average
. p
the diagonal elem ents, \l , i . e .
w
^ /  = SjnT “ss
p
uhere V is  the in te ra c t io n  o f an s valence e le c tro n  on A u ith  a p o in t  
88
charge a t  r^ , we get:
The CNDO/2, in -p la n e  e .p * map fo r  guanine, o b t a in e d ^ ^  using equation  
( 2 .5 5 ) ,  is  shoun in  f ig u re  2 .4 b .
(3 ) Because o f  the mutual o rth o g o n a lity  o f valence AO's on the same 
c e n tre , ue may r e ta in  the monocentric d i f f e r e n t ia l  overlap  terms in  
expression (2 .5 3 )  u ith o u t breaching the conservation  o f  charge i . e .
P .Of f L  = L y  ^  P 2
■■ : ■ ■ ■ ■  ' J M  '
d T
P s N
.IV
- f  ■;
uhere N is  the number o f  valence e le c tro n s  in  the system. The im portance  
o f the re te n tio n  o f m onocentric d i f f e r e n t ia l  overlap  fo r  an acceptab le
d e s c rip tio n  o f  the m olecular valence e le c tro n  d is t r ib u t io n  has been
(231) (190)shoun in  the  c a lc u la t io n  o f e le c tro n  d e n s ity  maps' , d ip o le  moments
and quadrupole moments^232  ^ from CNDO u avefunctions . I f  ue ju s t  drop
the b ic e n tr ic  d i f f e r e n t ia l  overlap  terms from equation (2 .5 2 ) ue g e t;
The CNDO/2, in -p la n e  e*p* map fo r  guanine, o b ta in e d ^  ^  using equation  
(2 *5 6 ) ,  is  shoun in  f ig u re  2 .4 c *
(4 ) For most p r a c t ic a l  purposes, i t  i s  necessary to  regard the CNDO
bond order m atrix  as being re fe rre d  to  an orthonorm al b asis* I f  ue
uere req u ired  to  s p e c ify  a s e t o f  basis fu n c tio n s  uhich uere genuinely
orthogo nal, then the s e t , X ,  u ith  component fu n c tio n s  c lo s e s t to  the
o r ig in a l  AO's uould be obtained from the AO b as is , $ , by the Loudin 
(233)tra n s fo rm a tio n ' J :
I f  P i s  re fe rre d  to  the orthogonal b a s is ,X ,  the fo llo w in g  bond order  
m a tr ix , p , should be re fe rre d  to  the o r ig in a l  AO b as is ,
P* « P S“*
» . » p
I f  p is  used in  equation (2 * 5 2 ) ,  we may r e ta in  a l l  the in te g r a ls ,  M
w ithout breaching the conservation  o f  charge* The in -p la n e  e*p* map
(217)fo r  guanine, obta ined in  th is  uay from the "deorthogonalised1*
CNDO u avefu n ctio n , i s  shoun in  f ig u re  2*4d*
Comparing fig u re s  2*4a and 2*4b u ith  the ab i n i t i o  map fo r  guanine 
( f ig u r e  2 * 3 ) ,  ue see th a t  n e ith e r  method 1 o r 2 i s  capable o f  re s o lv in g  
separate minima o u ts id e  0?6 and N-7* Method 2 , uhich gets c lo s e r  
to  r e a l i t y ,  a t  the expense o f'C o n s is ten cy  u ith  CNDO/2, g ives e .p . 's  
c lo se r n u m erica lly  to  the a b - in i t io  ones* In  order to  separate  the  
minima in  the lone p a ir  regions o f  0 -6  and N -7, re s p e c tiv e ly , i t  is  
necessary a t  le a s t  to  r e ta in  monocentric d i f f e r e n t ia l  o v e rla p , as is  
c le a r  from f ig u re  2*4c* Method 3, however, gives minima too deep in
comparison to  the ab i n i t i o  ones, the order o f depths o f the minima o u ts id e
0-6  and N-7 being fu rth erm o re , opposite to  the ab i n i t i o  o rd er* Method
4 gives the best agreement u ith  the a b - in i t io  e .p . map fo r  guanine. 
D eo rth o g o n alisa tio n  and re te n tio n  o f b ic e n tr ic  d i f f e r e n t ia l  overlap  
seem, by comparing fig u re s  2 .4 c  and 2 .4 d , to  reduce the depths o f the  
minima and make N-7 appear more su scep tib le  to  p ro to n atio n  than 0 -6 .
In  a comparison o f methods 2 , 3 and 4 u ith  a b - in i t io  e .p .  maps
fo r  the 0  lone p a ir  reg ions o f  H^O and H^CO, method 4 a lso  g ives the
(217) (204)best agreement u ith  a b - in i t io ?  • For morphine and na lorphine •
method 3 gives minima much too deep near the 0-atom s, but the minumum
close to  the N-atom has s im ila r  depth to  the a b - in i t io  one. By c o n tra s t,
method 4 gives minima o f s im ila r  depths to  the a b - in i t io  ones near the
0-atom s, w h ile  the minimum close to  the N-atom is  too shallow . Method
4 is  su p erio r in  being ab le  to  reso lve  the minimum in  the n^-electron
reg io n  o f the N -s u b s titu e n t o f  n a lo rp h in e . In  o th e r m o l e c u l e s ,
houever, method 4 is  a lso  unable to  reso lve  minima in  the TT-electron
reg io n s . This may be regarded as a general d e fic ie n c y  o f CNDO and
INDO e .p .  maps.
U ith  re fe ren ce  to  the use o f  e .p . 's  as r e a c t iv i t y  in d ic e s , i t  is  
more im portan t th a t  the chosen approxim ation is  ab le  to  reproduce the  
changes in  the e .p .  a t  a given lo c a tio n  as the m olecular s tru c tu re  is  
v a rie d , than ab le  to  reproduce the changes in  the e .p .  as the lo c a tio n  
is  va ried  in  a g iven m olecule. A good l in e a r  c o rre la t io n  is  found 
betueen the depths o f  minima found by method 4 , using CNDO/2, fo r  a 
s e t o f e leven three-membered r in g  m olecules, and the corresponding  
a b - in i t io  depths. Uork is  underway in  th is  la b o ra to ry  to  e s ta b lis h  
s im ila r  c o rre la tio n s  betueen CNDO/2 and INDO e .p . 's  obtained by method 
3, and the corresponding a b - in i t io  e .p . 's .
F ig u re  2.3 •
Ab in it io  e .p .  contours (k c a l/m o le )  fo r  guan ine .
IM
F ig u re  2 .4 .
CNOO/2 e .p .  contours (k c a l/m o le )  fo r  guanine  
a t  fo u r  le v e ls  o f  a p p ro x im a tio n .( a ) to  (d ) .
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Method 3 is  used in  the c a lc u la t io n  o f e *p * 's  in  the present 
uork, co n s is te n t u ith  the re te n tio n  o f monocentric d i f f e r e n t ia l  overlap  
in  the c a lc u la t io n  o f  d ip o le  moments according to  equation (2 *4 4 )*
p
The d e ta ils  o f the c a lc u la t io n  o f  the tu o -c e n tre  in te g r a ls ,  ^py* are  
given in  Appendix 2 . Method 4 is  avoided because:
(a ) The d e o rth o g o n a lisa tio n  o f  a uavefunction  obtained using a basis
uhich has never been genuinely  orthogonalised  is  th e o r e t ic a l ly  dubious*
(b ) The computation o f the Loudin tran s fo rm atio n  m a trix , S’”^ , is  tim e
consuming fo r  a la rg e  basis*
(c ) The computation o f  a l l  n x ( n  + 1 ) /2  d is t in c t  tuo and th ree  cen tre
Pin te g r a ls ,  V , is  very  tim e consuming fo r  a la rg e  b as is , n* The 
th ree  cen tre  in te g ra ls  are  d i f f i c u l t  to  c a lc u la te  u ith o u t re s o rt in g  to  
Gaussians*
(d ) The re te n tio n  o f a l l  n x (n  + l ) / 2  d is t in c t  elem ents, uould 
make the m olecular p o la r iz a t io n  c a lc u la t io n  described belou im p ra c tic a b le  
fo r  a la rg e  number o f  re ce p to r p o in ts  or a la rg e  s e rie s  o f m olecules*
For ease o f  programming, the e le c t r ic  f i e ld  components, E^, are  
c a lc u la te d  by f i n i t e  d iffe re n c e  d i f f e r e n t ia t io n  o f the e le c t r o s ta t ic  
p o te n t ia l ,  V* D iffe re n c e s , S v , are taken betueen values o f  V obta ined  
a t  p o in ts  separated by 10’“^ aQ* This a llo u s  $1/ to  re g is te r  p ro p e r ly ,  
u ith  the num erical p re c is io n  o f a CDC 7600 computer, even i f  the  r a t io  
o f Ei  to  V approaches zero* F ie ld  g rad ien ts  a t  p o s itio n s  removed by a t  
le a s t  1 8  from any atom in  a molecule seldom have magnitudes in  excess 
o f 20 v o lts /A  • At such p o s itio n s , ue might th e re fo re  expect a p re c is io n  
o f  1 0 “ ^ v o lts /A  in  the value o f  c a lc u la te d  by th is  procedure*
The m olecular p o la r iz a t io n  energy due to  a u n it  monopole placed
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a t  p o in t p is  obtained by s u b s titu t in g  H = \I ^ i n  equation (2 .3 6 b ):
P ^ P
occ unocc ■ ■
s  /  C . C_. C \. C
£ , ( r * )  = 2
pol P -  £  i  ( 2 - s3)
U e in s te in  and couorkers have used expression (2 *5 3 ) su ccess fu lly  in
(172 219)
works in v o lv in g  m olecular in te r a c t io n s ' * • Many terms in  the
summation are removed by the n eg lec t o f b ic e n tr ic  d i f f e r e n t ia l  o verlap *  
co n s is te n t w ith  the c a lc u la t io n  o f V:
ePo i ( * P  = 2 ^ (z  C
fl^-B f lY  Xo"
ocp unopc c
f  £  ^  £  *
■A
=  2  ^ ( 2 - ? ab) (2 * 54) 
A > B jj V- Xor
uhere:
occ unocc _ _ r  rc... c^  r. u \ .n /  ^  ui Vi Ai
i  J
Since the af e independent o f  r p , they may be s tored  a f t e r  the
ground s ta te  uavefunction  c a lc u la t io n  fo r  each m olecule* and re-used  
fo r  every re ce p to r p o in t examined*
Programming D e ta ils
The ,inOREGH (1*10 and reg ress io n ) program* l is t e d  in  Appendix 3* 
takes as in p u t data  the atomic co -o rd in a tes  and drug a c t iv i t y  o f  each 
o f a s e rie s  o f m olecules* performs a CNDO (o r  INDO) HO c a lc u la t io n *  
then* using the CNDO uavefunction* c a lc u la te s  and sto res  the r e a c t iv i t y  
in d ice s  described above* Uhen every molecule in  the s e rie s  has been 
thus processed* the in d ices  are re tr ie v e d  from storage and searched
by the computer fo r  c o rre la t io n  u ith  drug a c t iv i ty *  Regression equations  
l in k in g  drug a c t iv i t y  to  s in g le  in d ice s  and combinations o f in d ic e s  
c o n s titu te  the f in a l  outpu t from the c a lc u la t io n *  In  th is  way, the  
ted ious ''manual11 searching o f  hundreds o f  v a r ia b le s , fo r  signs o f  
c o rre la t io n  u ith  drug a c t iv i t y ,  is  avoided*
The la y o u t o f F1QREG is  g re a t ly  p re ju d iced  by the la y o u t o f  
CND02/3R^48^, upon uhich i t  is  based. A ll  in p u t data are read by the  
master segment* A fte r  p re lim in a ry  s p e c if ic a t io n s , the atomic number 
and co -o rd in a tes  are read fo r  each atom uhich is  common to  every  
molecule in  the s e r ie s *  The co -o rd in a tes  o f each recep to r p o in t to  
be probed are then in p u t*  A do-loop is  then en tered , such th a t  the  
fo llo u in g  sequence o f  events takes p lace  fo r  each molecule in  the  
s e rie s :
(1 ) Data s p ec ify in g  the molecule are in p u t i . e *  the atomic number end 
co -o rd in a tes  o f each o f  i t s  d is tin g u is h in g  atoms (u h ich , to g e th er u ith  . 
the common atoms, c o n s titu te  the uhole m o lecu le ), and the values o f  any 
v a ria b le s  to  be associated u ith  the m olecule in  a d d itio n  to  those  
c a lc u la te d  by the program* The la s t  a d d it io n a l v a r ia b le  s p e c if ie d  is  
la t e r  taken as the dependent v a r ia b le  in  the regression  c a lc u la t io n s *
The o thers  are used in  con junction  u ith  the c a lc u la te d  in d ic e s , as 
a d d itio n a l independent v a r ia b le s *  The f a c i l i t y  fo r  e x tra  independent 
v a ria b le s  a llo u s  the l ip o p h i l ic  s u b s titu e n t constan t, tt, to  be inc luded  
in  the regressions*
(2 ) As in  the o r ig in a l  CNDO program ( f o r  the c lo s e d -s h e ll o p t io n ) ,  
subroutines INTGRL, HUCKCL, SCFCLO and CPRINT are c a lle d  in  sequence 
from the master segment* The 0^ are c a lc u la te d  in  subroutine SCFCLO, 
u h i ls t  the o th e r s in g le  cen tre  in d ic e s : Qft, f^ (A ) ,  f^ (A ) and Eqjnq(A) 
are c a lc u la te d  ( f o r  each atom, A, in  the m olecule) in  CPRINT* The 
bond energy m atrix  elem ents, E ^ ,  are a lso  c a lc u la te d  in  CPRINT, along
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u ith  many o f the in d ice s  associated u ith  the molecule as a uhole*
/ ' i  and
(3 ) Subroutine SIZE is  c a lle d  from the master segment* SIZE centres
a sphere o f  the ap p ro p ria te  (Van der U aals) rad iu s  on each atomic cen tre  
in  the molecule and then c a l ls  subroutines RADSA and VOLUME* Subroutine  
RADSA c a lc u la te s  R and SA, u h i ls t  VOLUME c a lc u la te s  MV, a l l  according  
to the above s p e c ifie d  num erical methods*
(4 ) Provided recep to r p o in ts  have been s p e c if ie d , subroutine PERTST
is  c a lle d  from the master segment. PERTST c a lc u la te s  and sto res  c o e f f ic ie n ts  
s im ila r  to  the A appearing in  equation (2 .5 4 ) above* Subroutine
PROBE is  then c a lle d  once fo r  every recep to r p o in t*  Given the co­
o rd in a tes  o f the  p o in t, PROBE re tu rn s  V , E„, Ew, E , and E , *X Y Z pol
(5 ) A fte r  c a lc u la t in g  a l l  the r e a c t iv i t y  in d ice s  fo r  the moleculQ, 
those req u ired  fo r  the regression  a n a ly s is  are u r i t te n  to  d isc* Those 
q u a n tit ie s  oruraited are any one- and tu o -c e n tre  in d ic e s  in v o lv in g  o th e r  
than the common atoms* In  a d d it io n , bond en erg ies , E^g? betueen atoms 
not d ir e c t ly  bonded (d e fin in g  a d ir e c t  bond as one fo r  uhich Eftg < -  3 eV) 
are om itted* The a d d it io n a l v a ria b le s  s p e c ifie d  fo r  the m olecule are  
then u r i t te n  to  the disc#
The c lock is  then checked to  determ ine uhether th ere  is  enough 
tim e l e f t  (on the assumption o f a 2 0  minute tim e l i m i t  fo r  the jo b  as 
a uhole) to  re p e a t the  uhole process fo r  the next molecule in  the  
s e rie s *  I f  n o t, then the contents o f  the r e a c t iv i t y  index storage  
disc  are u r i t t e n  to  a permanent f i l e  as the job  is  term inated* A 
subsequent job  is  ab le  to  resume the c a lc u la t io n  fo r  the r e s t  o f  the  
molecules in  the  s e rie s *
These in c lu d e  A ,  BE, Egl  ^ the
Uhen the req u ired  in d ic e s  have been c a lc u la te d  and stored  fo r
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every molecule in  the s e r ie s , subroutine CRLATE is  c a lle d  from the master 
segment* CRLATE re tr ie v e s  a l l  the v a ria b le s  from the storage d isc and 
then performs a s e rie s  o f  regress ion  c a lc u la t io n s , u ith  the drug a c t iv i t y  
as the dependent v a r ia b le , o u tpu ting  the re le v e n t d e ta ils  (reg ress io n  
c o e f f ic ie n ts  and t h e ir  standard e r ro rs , the in te rc e p t and i t s  standard  
e r r o r ,  the c o r re la t io n  c o e f f ic ie n t  (r), the standard e rro r  o f  the  
estim ate  (S ) and the variance  r a t io  (F ) )  as i t  goes along* D e ta ils  o f t r  
the regression  o f drug a c t iv i t y  on each separate index are p r in te d .  
Although a reg ress io n  c a lc u la t io n  is  performed fo r  drug a c t iv i t y  on each 
d is t in c t  p a ir  o f  in d ic e s , d e ta ils  are on ly  p rin te d  fo r  the best (from  the  
p o in t o f  v ieu  o f  c o r re la t io n )  tuen ty  f iv e  o f these to  save g e ttin g  
masses o f o u tp u t.
Regression c a lc u la t io n s  are then performed fo r  drug a c t iv i t y  on 
c e r ta in  la rg e r  combinations o f in d ice s  uhich form s p e c ia l se ts* These 
combinations a re:
2
(1 ) yuY, jj  ^and p  ; the la s t  v a r ia b le  being a second order (Debye)
in te ra c t io n  index*
(2 ) V, Ex , Ey and E^ fo r  each recep to r p o in t .
2 2(3 ) V, Ex , Ey, Ez , V , E and Ep o l fo r  each recep to r p o in t .
In  the regressions obtained u ith  these s p e c ia l combinations o f  in d ic e s ,  
i t  i s  l i k e ly  th a t  one o r tuo o f  the independent v a r ia b le s  u i l l  be 
s t a t i s t ic a l ly  redundant, as in d ic a te d  by a .low t -v a lu e .  In  such cases, 
more s t a t i s t ic a l ly  prudent combinations can aluays be la t e r  t r ie d  in  
su b s id ia ry  c a lc u la t io n s  using a m u ltip le  regression  program*
C H A P T E R  3
ANTITUNQUR ACTIVE PHENYL TRIAZENES.
I  1 -P h e n y l-3 ,3 -d im e th y ltr ia z e n e  (PDMT)
1-P h e n y l-3 ,3 -d im e th y ltr ia z e n e  (PDHT, I )  and s e v e ra l o f i t s  r in g -
s u b s titu te d  analogues uere the f i r s t  a ry l  tr ia z e n e s  to  d is p la y  antitum our 
(237)a c t iv i t y  , th is  being ag a in s t Sarcoma 180 (S180) in  mice* However,
the subsequently discovered 5 - (3 ,3 -d im e th y l-1 - t r ia z e n o ) im id a z o le -4 -
( 238 1
carboxamide (D U G , I I )  rece ived  g re a te r  a t te n t io n , being s in g led
out fo r  in te n s iv e  screening by the N a tio n a l Cancer In s t i t u t e  o f  the U.S*A.
/
NH.
CH.
CH.
I I  5 -(3 ,3 -d im e th y l-1 -tr ia z e n o )im id a z o le -4 -c a rb o x a m id e  (DTIC)
(239)DTIC was found to be e f fe c t iv e  ag a in s t s e v e ra l mouse tum ours' ,
namely S180, Leukemia 1210 (L1210) and Adenocarcimoma 755 (C a755 ). The
h is to ry  o f  the development o f DTIC as an a n tica n c e r drug has been
(240)summarised elsewhere • The c l in ic a l  pharmacology o f DTIC in  man
i re p o rte  
(242d -g )
(241) (242)has been re p o rte d ' • B e n e fic ia l e f fe c ts  in  man have been t d
fo r  c e r ta in  types o f tumour, p a r t ic u la r ly  m alignant melanoma
Studies in  uhich ra d io a c t iv e ly  la b e lle d  DTIC has been adm in istered
to vario u s  mammals, in c lu d in g  man, have shoun th a t th ere  is  s u b s ta n tia l
p h y s io lo g ic a l degradation  o f a ry l  tr ia z e n e s , the excreted  m etab o lites
being c o n s is te n t u ith  the  hypothesis o f microsomal o x id a tiv e  
*
dem ethyla tion  o f the a ry l-d im e th y ltr ia z e n e  to  aryl-m onom ethyl-
Evidence th a t  th is  enzym atic conversion to  the monomethyl form is  an 
a c t iv a t in g  step in  the antitum our a c t iv i t y  o f the a ry l tr ia z e n e s  is  
provided by the fo llo u in g  in - v i t r o  observations:
(1 ) DTIC is  not i t s e l f  an a lk y la t in g  agent. I t s  monomethyl d e r iv a t iv e ,  
i . e .  5 -(3 -m e th y l-1 -tr ia z e n o )im id a z o le -4 -c a rb o x a m id e  (M TIC ), i s ,  houever, 
g iv in g  a coloured product uhen added to 4 ( 4 - n i t r o - b e n z y l ) p y r id in e ^ ^ ^ •
(2 ) 1 -(p -c a rb a m o y lp h e n y l)-3 ,3 -d im e th y ltr ia z e n e  alone has lou  t o x ic i t y  
to  TLX5 lymphoma c e l ls  i n - v i t r o . Uhen th is  compound and TLX5 c e l ls  are  
incubated  to g e th e r u ith  l i v e r  microsomes and c o fa c to rs , a 1 0 - f o ld  
in c rease  in  t o x ic i t y  is  observed. By c o n tra s t, l-(p -c a rb a m o y lp h e n y l)-  
3 --m eth y ltriazen e  is  q u ite  c y to to x ic  alone 9
The hypothesis th a t  the form ation  o f  a mono-methyl in te rm e d ia te  
i n - v ivo  is  e s s e n tia l fo r  antitum our a c t iv i t y  is  supported by the fo llo u in g  
observations on 1- a r y l - 3 ,3 - d ia lk y l t r ia z e n e s ,  ArNNNR^R^:
( 2 3 7 5  246 S )
(1 ) Compounds fo r  uhich n e ith e r  R^  nor is  -CH^ are in a c t iv e  9
Ar -  N = N / CH3 fnl v A r
CH_
'H
The on ly  no tab le  exceptions to  th is  ru le  a r is e  uhen = R2  = CH^CH^Cl, 
g iv in g  compounds uhich a re , in  f a c t ,  n itro g en  mustards*
(2 ) In  a c t iv e  antitum our compounds o f th is  ty p e , fo r  uhich ap p ro p ria te
in - v i t r o  s tu d ies  have been perform ed, microsomal d e a lk y la tio n  has been
r
(246)
d e t e c t e d ^ ^ * ^ ^  • Conversely, compounds f a i l in g  to undergo metabolism
to  the 1 -a ry l-3 -m e th y ltr ia z e n e  have been devoid o f antitum our a c t iv i t y
(3 ) Since microsomal d e a lk y la t io n  in v o lv e s , as a f i r s t  s te p , the  
enzym atic replacem ent o f an tf-H o f the outgoing a lk y l group by OH, any 
a lk y l s u b s titu e n t uhich does not possess an o(.-H may not be cleaved in
th is  manner* Uhen R .= CH~ and R = C(CH„) , on ly  R may be c leaved ,
I Z o 3 1
to  y ie ld  a compound uhich is  obviously  not a monomethyl d e r iv a t iv e *  
Thus, in  accordance u ith  the ’’monomethyl in te rm e d ia te ” h ypothes is , 
1 -p h e n y l-3 -m e th y l-3 -t -b u ty lt r ia z e n e  is  indeed observed to  be devoid o f  
a n ti tumour a c t i v i t y ^ ^ ^  •
Once formed, the m onom ethyltriazene may be expected to  e x e rt i t s
antitum our a c t iv i t y  by the a lk y la t io n  o f cancer c e l l  n u c le ic  acids*
(1TIC is  knoun to  in h ib i t  the grouth o f DMA i n - v i t r o and even to
(241)cause i t s  break up . M e th y la tio n  o f the guanine bases is  l i k e l y  to  
be the f i r s t  step in  th is  break up* R ad ioactive  7-m ethylguanine has
been is o la te d  a f t e r  in cu b atio n  o f microsomes from S180 u ith  c a l f  thymus
14 (245)DMA and DTIC la b e lle d  u ith  C in  the methyl p o s it io n  • S im ila r ly
la b e lle d  DTIC, uhen adm in istered  to ra ts  and man, has given r is e  to
(242)e x c re tio n  o f  ra d io a c tiv e  7-m ethylguanm e m  the u rin e  •
Any a ry l-m o n o m eth y ltriazen e  has tuo tau tom eric  forms:
H\  / CH3
M
A r-------------NC .CKj
Ar /
(a ) ( r . 2 )
I t  i s  p ro b a b ly  ta u to m e r (b ) u h ic h  i s  s u s c e p t ib le  to  h y d r o ly s is :
A r N' CH
0  >--- Ar----------NC + HO -  N = N -  CH
/  \H H
( r . 3 )
M ethyld iazohydroxide  is  s u scep tib le  to  p r o to ly t ic  decomposition to  
y ie ld  the carbonium io n  CH*:
w
HO -  N = N -  CH3 + H+  > N + H20 + CH* ( r . 4 )
According to ( r . 3 )  and ( r . 4 ) ,  i t  is  CH* uhich is  resp o n s ib le  fo r
w
p h y s io lo g ic a l m e th y la tio n . This scheme d i f fe r s  from th a t  proposed by
ht
(253)
/ 252)
Skibba and Bryanv ' in  the involvem ent o f m ethyld iazohydroxide ra th e r
than diazom ethane, in  accordance u ith  the fin d in g s  o f Nagasaua e t  a l
At th is  p o in t i t  should be stressed th a t  the re a c tio n  sequence 
( r . 1 )  to ( r . 4 )  is  not proven as the mechanism o f tumour in h ib i t io n ,  but 
i s  a s tatem ent o f the ’'monomethyl in te rm e d ia te "  h ypothes is . This  
hypothesis has not gone unchallenged. The a ry l  tr ia z e n e s  have vary in g  
s u s c e p t ib i l i t ie s  to  p ro to ly s is  to  y ie ld  the ary ld iazon ium  c a tio n :
y '^ 3  
Ar -  N = N -  N '
CH3
+ H+ Ar -  N = N+ + HN(CH3 ) 2 ( r . 5 )
U ith  the im id azo le  tr ia z e n e s , such.as DTIC, re a c tio n  ( r . 5 )  takes p lace
ra p id ly  in  d a y lig h t and in  lo u  uavelength a r t i f i c i a l  l ig h t  9 ,
The im id azo le  tr ia z e n e s  are s ta b le  fo r  a m atter o f days in  the d ark ,
(254)houever, the exact s t a b i l i t y  being s o lve n t dependent .
Exposure to  l ig h t  g re a t ly  enhances the to x ic i t y  o f DTIC to  
b a c te r ia  in  v i t r o  ^  m Furtherm ore, an enhancement in  c y to to x ic ity  
on exposure has been noted uhen human melanoma c e l ls  and hamster ov/ary 
c e l ls  are incubated  u ith  DTIC in  v i t r o ^ ^ ^ .  In  these cases, the  
increased t o x ic i t y  in  l i g h t  is  almost c e r ta in ly  due to the diazonium  
ion  formed from the photodecomposition o f DTIC. Saunders and C hao^"*^  
argue th a t  the same mechanism may be re le v a n t to  the in  v ivo  antitum our  
a c t iv i t y  o f DTIC, d esp ite  the p h y s io lo g ic a l exc lus ion  o f l i g h t ,  s ince  
a lou  le v e l o f  d ia z o t is a t io n  may s t i l l  be expected in  the d ark .
The in s t a b i l i t y  o f DTIC (and o th er im id azo le  t r ia z e n e s ) ,  p a r t ic u la r ly
in  d a y lig h t ,  leads to s u b s ta n tia l problems in  c l in ic a l  a d m in is tra tio n .
The uish to  avoid these problems has supported a r e v iv a l  o f in te r e s t
(259)in  the phenyl t r ia z e n e s , uhich are not p h o to sen s itive  • S evera l
re c e n t uorks have explored the s t r u c tu r e -a c t iv i ty  re la t io n s h ip s  in  s e rie s
x. ■  ^ x. 4.U. + (2 4 6 ,2 6 0 -6 4 ,2 7 2 )o f compounds o f th is  type •
The a u th o r’ s uork on the phenyl tr ia z e n e s  began in  May, 1975, a f t e r  
a personal m eeting u ith  D r. T. A. Connors, then o f the Chester B eatty  
Research In s t i t u t e ,  London. Data d escrib in g  the a c t iv i t ie s  o f a s e r ie s  
o f t h i r t y  f iv e  compounds a g a in s t TLX5 lymphoma uere s u p p lie d . (These 
t h i r t y  f iv e  1 -p h e n y l-3 ,3 -d ia lk y l  tr ia z e n e s  and th e ir  a c t iv i t i e s  l a t e r  
formed the substance o f the paper by Connors and couorkers c ite d  here  
as re fe re n c e  ( 2 4 6 ) ) .  Each compound had been screened a t  the  Chester 
B eatty  Research In s t i t u t e  according to the fo llo u in g  procedure:
O a ) Several batches o f 5 fem ale CBA/LAC mice are assembled, each 
batch to re c e iv e  a d i f f e r e n t  dose le v e l o f drug. The abso lu te  dose 
u e ig h t rece ived  by any mouse in  a p a r t ic u la r  batch is  p ro p o rtio n a l to  
i t s  body u e ig h t, i . e .  the s e t dose le v e ls  are each a r a t io  o f dose 
u e ig h t to body u e ig h t, in  mg/Kg.
(1b) A batch o f  ten  mice o f the same type is  a lso  assembled, as a c o n tro l.
5(2 ) A l l  mice are in je c te d  u ith  10 TLX5 c e l ls ,  in  the in g u in a l re g io n .
(3 ) For each batch o f tre a te d  mice, the ascribed dose is  adm in istered  
in t r a p e r i to n e a l ly  on each day fo r  f iv e  days, beginning on day th re e  
from tumour in o c u la t io n .
(4 ) By tim in g  the deaths o f a l l  m ice, the mean percentage in c rease  in  
l i f e  span (IL S ) o f  each batch o f  tre a te d  mice over the c o n tro l batch is  
eva lu a ted .
Presented u ith  the dose/response data fo r  each compound, the  
author uas ab le  to o b ta in  the pD^g, uhere D^g is  the dose in  mmoles/Kg 
re q u ire d  fo r  an ILS o f 40J&, according to the fo llo u in g  procedure:
(1 ) ILS is  p lo tte d  a g a in s t l°9 -jg  d, uhere d is  the dose in  mg/Kg.
(2 ) The value o f d aT uhich an ILS o f 40^ is  f i r s t  obta ined
(lo g „_  d /0 ) is  taken from the curve.310 40
(3 ) Log,jg d^Q is  subtracted  from GMU to y ie ld  the pD^g.
(GMU = Gram M olecu lar U eight o f the compound).
S ix teen  o f the t h i r t y  f iv e  tr ia z e n e s  mentioned are r in g -s u b s titu te d
1 -p h e n y l-3 ,3 -d im e th y ltr ia z e n e s . These are  l is t e d ,  along u ith  t h e i r  
pD^g’ s and o th e r q u a n t it ie s , in  Table ( 3 .1 ) .  This group o f s ix te e n  
has been s in g led  out fo r  the prim ary batch o f c a lc u la t io n s  s ince  the  
conform ation o f  the tr ia z e n e  m oiety can reasonably be assumed co n stan t 
fo r  each. At any r a te ,  i t  is  c e r ta in  th a t  the d ir e c t  s u b s t itu t io n  o f  
o th er a lk y l  groups a t  the N3 p o s it io n , as req u ired  to produce the  o th e r  
nineteen  compounds, must have a fa r  la rg e r  e f fe c t  on the conform ation o f  
the tr ia z e n e  m oiety than r in g  s u b s t itu t io n .
Since the r in g -s u b s t itu e n t  presumably remains attached to  the  
tr ia z e n e  m olecule throughout the re le v a n t m etabolic  s tages, then the  
s u b s titu e n t m ight e x je r t  i t s  c r i t i c a l  e f fe c t  during any one o f  these  
stages* For th is  reason i t  has been considered necessary to perform  
c a lc u la t io n s  not ju s t  on the s e r ie s  o f r in g -s u b s titu te d  1 -p h e n y l-  
3 ,3 d im e th y ltr ia z e n e s , but also on the corresponding s e rie s  o f 1 -p h e n y l- 
3-m ethyitriazenes fo r  both tau tom eric  forms o f the monomethyl compound 
(see ( r * 2 ) ) .
Experim ental geom etries are not a v a ila b le  fo r  any 1 - a r y l - 3 -  
m e th y ltr ia ze n e * An X -ray  s tru c tu ra l a n a ly s is  has been performed on 
DTIC monohydrate h y d ro ch lo rid e , h o u e v e r . D e ta ils  re le v a n t to  the  
tr ia z e n e  conform ation , in  the protonated DTIC c a tio n  uhich occurs in  
th is  s a l t ,  are shoun in  f ig u r e  (3 * 1 ) .
D im ethyl tr ia z e n e  group 
alm ost p e r fe c t ly  coplanar  
u ith  im id azo le  r in g ,  
ig n o rin g  m ethyl hydrogens*
Figure  (3 *1 )  Protonated DTIC (as o c c u rr in g in  DTIC monohydrate 
h y d r o c h l o r i d e ^ ^ ^ ) .
Arguments may be ra is e d  a g a in s t c a rry in g  over the tr ia z e n e  geometry 
shoun in  f ig u re  (3 .1 )  to 1 -p h e n y l-3 ,3 -d im e th y ltr ia z e n e  (PDMT), 
p a r t ic u la r ly  as ue are in te re s te d  in  the conform ation o f PDfflT in  s o lu tio n *  
The species shoun in  f ig u re  (3 .1 )  is  a c a tio n  uhich is  io n ic a l ly  bonded
t o  c h lo r id e  a n io n s  to  c o n s t i t u t e  th e  s a l t  l a t t i c e .  S in c e  th e s e  
e l e c t r o s t a t i c  i n t e r a c t io n s  a re  q u i t e . s t r o n g ,  a f l e x i b l e  g roup  such  as 
-NNN(CH3 ) 2 m ig h t  be d raw n i n  any a p p r o p r ia te  d i r e c t i o n .  In t r a m o le c u la r  
i n t e r a c t io n s  i n  th e  p ro to n a te d  DTIC a re  a ls o  q u i t e  d i f f e r e n t  fro m  
th o s e  i n  n e u t r a l  PDMT because o f  th e  ca rb o xa m id e  s u b s t i t u e n t  u h ic h  may 
p a r ta k e  i n  h yd ro g e n  b o n d in g  u i t h  th e  t r ia z e n e  g ro u p .
F o r th e s e  re a s o n s , and f o r  c o n s is te n c y ,  a u n i f ie d  a p p ro a ch  o f  MO
g e o m e try  o p t im is a t io n  has been a p p lie d  to  PDMT and b o th  ta u to m e rs  o f
1 - p h e n y l- 3 - m e th y l t r ia z e n e  (PM T). F o r th e s e  o p t im is a t io n s ,  th e  "GEOMIN"
p rog ram  : has been em p lo ye d . Fed u i t h  a t r i a l  g e o m e try , t h i s  p rog ram
a d ju s ts  th e  a to m ic  c o o rd in a te s  to  m in im is e  th e  t o t a l  e n e rg y  o f  th e
m o le c u le  as c a lc u la te d  by th e  CNDO/2 o r  INDO m e thod . A v a r ia b le - m e t r ic
( o r  q u a s i-N e u to n )  m in im is a t io n  r o u t in e  i s  em ployed i n  th e  p ro g ra m , t h i s
( 2&71
b e in g  based on th e  m ethod o f  M u rta g h  and S a rg e n t . I t  s h o u ld  be 
s t re s s e d  t h a t  t h i s  r o u t in e  w i l l  n o t ,  i n  g e n e ra l,  f i n d  th e  " g lo b a l "  
( a b s o lu te )  m inimum e n e rg y  p o in t ,  b u t  m e re ly  th e  " l o c a l "  m inimum u h ic h  
te r m in a te s  th e  c u rv e  o f  s te e p e s t  d e s c e n t fro m  th e  s t a r t i n g  p o in t  co ­
o r d in a te s .
The "INDO " o p t io n  has been em ployed f o r  a l l  o p t im is a t io n s ,  s in c e  
INDO seems to  g iv e  r a th e r  b e t t e r  g e o m e tr ie s  th a n  C N D O / 2 T h e  
s t a r t i n g  p o in t  g e o m e tr ie s  have been ta k e n  fro m  p re v io u s  M IN D O /3 ^ ^ ^  
o p t im is a t io n s .  The c o m p le te  GEOMIN o p t im is a t io n s  o f  PDMT, PMT(a) and 
PMT(b) each r e q u ir e d  e x h o r b i t a n t  am ounts o f  co m p u te r t im e .  PDMT 
r e q u ir e d  f i v e  h o u rs  o f  CDC 7600 t im e ,  w h i le  PMT’ s (a )  and (b )  r e q u ir e d  
a b o u t th r e e  h o u rs .  The f i n a l  c o n fo rm a t io n s  o f  th e  t r ia z e n e  g ro u p  i n  
each m o le c u le  a re  shoun i n  f ig u r e s  ( 3 .2 )  to  ( 3 . 4 ) ,  r e s p e c t i v e ly .
I
I
I 
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F ig u re  3 .2  PDMT
N .B . ( i )  A l l  p h e n y l atom s a re  a p p ro x im a te ly  i n  th e  xy  p la n e  
( i i )  A l l  n o n e -h y d ro g e n  atom s i n  -N N N fC H ^^  g roup  a re  
a p p ro x im a te ly  i n  th e  %z p la n e  (p la n e  o f  p a p e r ) .
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F ig u re  3 .3  PMT(a)
N .B . ( i )  A l l  p h e n y l g roup  atom s a re  a p p ro x im a te ly  i n  th e  x y  p la n e .
( i i )  Atoms o f  t h e —NNNHCH^ a re  a l l  s l i g h t l y  d is p la c e d  fro m
th e  x.z p la n e ;
Atom
Ni
N*
N3
Cr
H.y
¥
+0* 04
-0 * 1 3  
-0 °  34 
-0 * 0 7  
- 0 * 2 0
( i i i )  E, . = -5 7 4  91*286 k c a ls /m o le  * t o t
Hz'
F ig u re  3 .4  PMT(b)
N .B . ( i )  A l l  atom s e x c e p t m e th y l h y d ro g e n ’ s l i e  a p p ro x im a te ly  
i n  th e  xy  p la n e .
( i i )  ^ - to t  = -5 7 4 9 2 *2 6 7  k c a ls /m o le .
P o in ts  o f  i n t e r e s t  i n  th e  o p t im is e d  g e o m e tr ie s  a re :
(1 )  The c o n fo rm a t io n  o f  th e  -NNfyKCH^^ g roup i n  PDMT i s  q u i t e  
a s to n is h in g  f o r  th e  f o l l o u in g  re a s o n s :
(a )  T he re  i s  1 c i s f c o n fo rm a t io n  o f  co n n e c te d  m o ie t ie s  a b o u t th e  
Nj -  N i a x is ,  w hereas b o th  c h e m ic a l i n t u i t i o n  and th e  e x p e r im e n ta l 
g e o m e try  o f  p ro to n a te d  DTIC ( f i g u r e  3 .1 )  in d ic a t e  a ’ t r a n s 1 c o n fo rm a t io n .
(b )  The atoms o f  th is  group l i e  in  a plane perpend icu lar  to  the  
phenyl r in g ,  thus preventing  TT-electron con jugation . The same group 
i s  coplanar u i th  the im idazo le  r in g  in  protonated DTIC ( f ig u r e  3 . 1 ) .
(2 )  The c o n fo rm a t io n  o f  th e  -NNNHCH^ g roup  i n  PMT(a) i s  e q u a l ly  
a s to n is h in g  f o r  much th e  same re a s o n s , a lth o u g h  no e x p e r im e n ta l g e o m e try  
i s  a v a i la b le  f o r  c o m p a ris o n .
— 1^1 —
(3 )  T he re  i s  an o u t  o f  p la n e  d i s t o r t i o n  o f  th e  t r i g o n a l  d i s t r i b u t i o n  
o f  bonded atom s a b o u t p h e n y l r in g  atom Ci , i n  b o th  PDMT and P I»lT(a), by 
an am ount in d ic a te d  by th e  a n g le  o f  th e  C? -  Nj bond and th e  y - a x is .  
T he re  i s  a ls o  a t e t r a h e d r a l  d i s t o r t i o n  i n  th e  d i s t r i b u t i o n  o f  bonded 
atoms a b o u t Nj i n  P n T (a ) .
(4 )  The p la n a r  g e o m e try  o f  PMT(b) does n o t  b re a ch  c h e m ic a l i n t u i t i o n .
(5 )  PMT(b) i s  more s ta b le  th a n  PMTCa) by a b o u t 1 k c a l /m o le .  T h is  
s u g g e s ts  a r a t i o  (b )  ; (a )  o f  a ro u n d  5 : 1 a t  room te m p e ra tu re  
( n e g le c t in g  th e  e n t ro p y  c o n t r ib u t io n  to  th e  f r e e  e n e rg y  d i f f e r e n c e  
b e tu e e n  th e  tu o  s p e c ie s ) .
U i th  r e fe re n c e  to  each t r ia z e n e  g e o m e try  ( f ig u r e s  3 . 2 - 4 ) ,  l e t  us 
s e q u e n t ia l ly  d e f in e  th e  f o l l o u in g :
(1 )  The * t - p la n e * ,  as t h a t  p la n e  u h ic h  c o n ta in s  th e  th re e  n i t r o g e n  
atom s o f  th e  t r ia z e n e  g roup  and th e  c a rb o n  atom s o f  any a t ta c h e d  m e th y l 
g ro u p s . Hence th e  t - p la n e  may be ta k e n  as th e  yz  p la n e  f o r  PDHT and 
P n T (a ) ,  b u t  as th e  xy  p la n e  f o r  PMTCb).
(2 )  T h ree  p a r a l l e l  l i n e s ,  p a s s in g  th ro u g h  N j , and M3 , r e s p e c t i v e ly ,  
p e r p e n d ic u la r  to  th e  t - p la n e .
(3 )  T h re e  p o in t s ,  P , P and P c o n s t i t u t e  th e  f i r s t  th r e e  r e c e p to rI t  w
p o in t s  f o r  each t r ia z e n e  s p e c ie s .  R e c e p to r p o in t s  P a n d  P^ a r e ,  f o r  
each s p e c ie s ,  p la c e d  i n  th e  l o c a l i t i e s  o f  n i t r o g e n  ns ig m a n lo n e  p a i r s ,  
a c c o rd in g  to  th e  f o l l o u in g  g e n e ra l is e d  s p e c i f i c a t io n :
u h e re  l i e s  i n  th e  same p la n e  as R=, N and S .  F o r PDNT i t  i s  c le a r  
fro m  f ig u r e  3 .2  t h a t  a s i x t h  r e c e p to r  p o in t  i s  d e f in e d *  P . l i e s  i nu
th e  t - p la n e ,  on th e  l i n e  p a s s in g  th ro u g h  C* and , a t  a d is ta n c e  o f
1 A fro m  H^.• T h is  p o in t  i s  p ro b e d  o u t  o f  i n t e r e s t  i n  th e  m ic ro s o m a l 
h y d r o x y la t io n  p ro c e s s *
The s ix te e n  s u b s t i t u e n ts  shoun i n  t a b le  3*1 have been “ a t ta c h e d 11.
t o  th e  a p p r o p r ia te  p o s i t io n s  on th e  p h e n y l r in g s  o f  each o p t im is e d
g e o m e try , u s in g  s ta n d a rd  bond le n g th s  and a n g l e s ^ ^ * ^ ^  : f o r  th e
c o n n e c t io n  and c o n s t i t u t i o n  o f  each s u b s t i t u e n t *  F o r compounds 2 to
14 , s u b s t i t u e n t  c o n fo rm a t io n s  have been chosen  so t h a t  a l l  a tom s , o th e r
th a n  h y d ro g e n s , l i e  i n  th e  p la n e  o f  th e  p h e n y l r i n g .  F u r th e rm o re , th e
le n g th y  s u b s t i t u e n t s  i n  t h i s  ra n g e  have been g iv e n  s ta g g e re d  c o n fo rm a t io n s
A t e t r a h e d r a l  g e o m e try  i s  assumed f o r  -CF i n  15* The g e o m e try  o f  th eo
(2 6 0 )
-SO CH„ g roup i n  16 i s  assumed to  be th e  same as i n  d im e th y ls u lp h o n e  •Z J
T hree  MOREG c a lc u la t io n s  have been p e r fo rm e d  c o r re s p o n d in g  to  th e  • 
same s e t  o f  s u b s t i t u e n t s  a t ta c h e d  to  PDMT, PHT(a) and PIYlT ( b ) > r e s p e c t i v e ly  
Compound number 12 was o m it te d  fro m  th e  m ain  c a lc u la t io n s  on a c c o u n t o f  • 
i t s  f a i l u r e  to  g iv e  an IL S  o f  40% a t  any o f  th e  e x p e r im e n ta l d o s e s .
The ’ CNDO1' o p t io n  has been chosen f o r  a l l  c a lc u la t io n s  so t h a t  compound 
number 16 , w h ic h  c o n ta in s  s u lp h u r ,  i s  accom m odated. I n  each o f  th e  
MGREG c a lc u la t io n s ,  th e  l i p o p h i l i c  s u b s t i t u e n t  c o n s ta n t ,  ,.tt,  as o b ta in e d  
fro m  re fe r e n c e  ( 4 7 ) ,  has been s u p p lie d  f o r  each compound as an a d d i t io n a l  
in d e p e n d e n t v a r ia b le  to  be in c lu d e d  w ith  a l l  th e  c a lc u la te d  o n e s , f o r  
c o m p le te n e s s .
U s in g  E , v a lu e s  o b ta in e d  fro m  th e  p r i n t o u t  fro m  th e s e  p r im a r y  t o t
c a lc u la t io n s ,  th e  e n e rg y  d i f f e r e n c e ,  E ( a ) - ( b ) ,  be tw een th e  tw o ta u to m e r ic  
fo rm s  o f  each s u b s t i t u t e d  PMT has been o b ta in e d .  U i th  a l l  p r e v io u s ly  
c a lc u la te d  and s u p p l ie d  v a r ia b le s  f o r  each s e r ie s  s to re d  on p e rm a n e n t
disc f i l e ,  subsequent sets o f  regress ion analyses have been performed 
which in c lu d e  E ( a ) - ( b )  as an a d d it io n a l  independent v a r ia b le .
R e s u lts .
(1 )  PDFiT s e r ie s .
A l l  th e  s im p le  r e g re s s io n s  o b ta in e d  f o r  th e  s e r ie s  o f  f i f t e e n  
s u b s t i t u t e d  PDHT’ s l i e  be low  th e  99*9%  s ig n i f i c a n c e  l e v e l .  F o r t h i s  
re a s o n  no d e t a i l s  o f  th e s e  a re  g iv e n .  S e v e ra l o f  th e  tw o ( in d e p e n d e n t)  
v a r ia b le  re g r e s s io n s  have s ig n i f ic a n c e s  above 9 9 *9 ^ , g iv e n  t h a t  
* ^ ( 2 ,1 2 ,9 9 * 9 7 0  = 13*,0. The b e s t  f o u r  a re  g iv e n  b e lo w :
(3 .1 a )  pD40 = - 6 * 6  ( l l - 3 )  E0 IND(N l)  + 326 (1 5 9 ) Ec r_H5, + 6155 (± 1 1 2 2 ) 
and r  = 0 *8 4 7 ; s = 0 *2 2 8 ; F (2 ,1 2 )  = 1 5 *2 .
(3 .1 b )  pD40 = -4 2 7  (180) QH£., -  8 * 4 . ( ± 1 * 8 )  Ep o l (P 4 ) -  2 8 *6  (± 5 *7 )
and r  = 0 *8 4 5 ; s = 0 *2 2 9 ; F (2 ,1 2 )  = 1 5 *0 .
( 3 .1 c )  PD40 = - 5 * 8  (± 1 -2 )  Eq in d (N1) -  520 (± 9 8 ) Qh5, -  434 (+ 9 2 )
and r  = 0 *8 3 9 ; s = 0 *2 3 3 ; F (2 ,1 2 )  = 1 4 *3 .
(3 .1  d) PD40 = 253 (± 4 9 ) "  9 * °  ( l l # 9 )  + 5122 ( l9 8 9 )
and r  = b *8 3 7 ; s = 0 *2 3 4 ; F (2 ,1 2 )  = 1 4 *0 .
The a p p e a ra n ce  o f  w i th  a n e g a t iv e  c o e f f i c i e n t  i n  (3 .1 a )
and ( 3 .1 c )  makes th e s e  two re g re s s io n s  u n a t t r a c t i v e .  T h is  i s  so 
because i t  i s  d i f f i c u l t  to  e x p la in  how in c r e a s in g  th e  s t r e n g th  o f  b in d in g
*  The c u r ly  lt* 2 u i s  used throughout to represen t any ta b u la ted  value o f  
the F p r o b a b i l i t y  d is t r ib u t io n .  The s t r a ig h t  nFu is  the variance  r a t i o  
obtained from the regress ion , which is  to be compared w ith  the ta b u la te d  n
1r—1
>
c
0
X
ai
*—
TD
0-P
3 ✓—s
+> mt
•rl CL4-5
CO fH
X O
3 X
CO UJ
1O'
c
•H
U
c
0 •*
0 LO
4-J X
X CD
•r4
CD
(4
O
u~
CD ..
0 in
o X
i•O . «.
c CM
•H OLJ
>+5
•HD>
•H4-5 .---
U r—
0 X
0 '---
u OX
~o HH
0 m+5 UJ
0
i—1
3
U
iH
0
U o
mt
T) Q
C X
0 •
cn cn
0 0
•H C+5 0
•H ND> 0
•H •H-P (4 +5
u +5 c
0 iH 0
> 3
M X -P
3 4-5 •H
O 0 44
E E CD
3 •H X4-5 X 3
•H 1 inCO
C •< 05
c: to c•Hcc
to
CD
XI •
CD OI— 2
VO O to O
in to o CO
t> to o CM.
MT VD in in
CM CM CM CMt i l l
o in co in
mt VD t-- to
to VD CO CM
o to CO CO
CM r— —^ r-
o o o a
• • * •
o o o oI I I I
CO CO CD to
mt ID in in
to CO to to
• • - • •
CD CO O □
CM CM CM CMI I I I
CO o MT CM
MT mt MT r-
cr\ <c— cn o
• • • •
CM to CM to
cm* r^- r- c^I I I  I
o to X VOin VO MT Xt— CM to O• • • •
r— r— o *—
X X X
a o o
o o o
u a u1i
o
i
E
1
X
VD to CO o MT cn o
cn o CM r— r- X X
x— CD r^ r- cn X
VO in in in X MT X
CM
I
CM
1
CM
i
CM
1
CM
1
CM
1
CM
1
t— o MT X cn X r-
to VO CM- CO X cn X
r*- t— VD X cn MT O
r» cn CO X r*- cn cnr— x— T— x— x— —^ t—
o CD o o □ a CD
• • • • • • •
CD
1
O
1
o
1
CD
1
O
1
o
i
O
1
CD cn CM *— T— o o
in MT in X X X X
CO CO to X X X X
• • • • • • 0
CD CD o o CD o CD
CM
1
CM
1
CM
1
CM
1
CM
1
CM
1
CM
1
CD CD a X CM X cn
in MT VO in *T MT X
<— cn CD o t— • cn CD
• • • • • e •
to CM to X X CM X
n-
i
[M.
1
cm-
1
C'-
1
c*-
1
n-
I
CM.
1
cn VO o C'- X X X
CO CM X MT X MT X
CD VD o r— X cn• • • • • • •
*— CD r— T“ a
X
X*T* XX
X
X
X
CM CM CMt_3 u X X X X
CD o o o 2 X
CD o o o CD CD
U| u1 Xf X1 X| X1
o
1
E
1
CL 1a
1
o
1
E
X X r- X cn O«r~
X X X *— X
MT MT X MT cn
X X cn MT X
X MT X X X
CM CM CM CM CM
1 1 1 1 1
X X X CM
c— X MT X r-
cn X cn MT r-
X CD X rM- Xr- CM r— r— —^
CD O a a CD
• • • • •
CD CD CD CD a
I I I I I
t— X X X O
X MT X MT X
X X X X X
• • • o *
CD o CD CD CD
CM CM CM CM CM
I I I I I
MT cn X C^ MT
MT X X X CM
CD X r— o a
• • • e •
X CM X X X
CM- CM- fM- CM- CM­
I I I I I
0
OS X X X X
•H X CM- X MT-P cn CM K— o
o • 0 • 0
0 □ O o r—
c
XooC_)
CM
X  to
c_j X
X X u
2 X CM X  CM
o u a u_ o
CD □ 2 CJ X• I1
CL
1
CL
1
CL
1 1
cl a
CM X  MT X  X
VDcc /—s r- NT ID t'- D- NT o CO CO NT VD VD CN LD NT CD'-' > r— T— r— *— T— r— CN r— r — *— f— t:— CN NT CO aQ © CD CO CD CO CD CD CD co CO CD CD CO CD CD CD CDv—4.
i—i cn cn cn cn cn cn cn cn cn cn cn cn cn cn cn cnCD <— t— r ~ •T“ r— t— T— r— r— t— *— r— T— *— *— r—UJ 1 l 1 1 1 I 1 I I I I 1 1 I 1 1
ID ID □ ID CO CN VO CN CO CD CN LD CD cn CO VONT CO r— VD cn CO CD CD O CD CN CO NT r—NT cn CN CD cn NT ID VD CO CO N CD VD 4— CD CNCO ID CO t— NT o CO CN tr— VD ID 'C LD O CO —^VO /—s c^ to CO CO CO NT CN CO NT NT CO CO ID VO a NT'~T* © o o O o □ o O O o CD a CD O CD CD o
CD '— o o C o o o O O o CD CD O a CD o o
o o O o o o O O o O o O o O CD CD
IDCL
UJ
ccC CD CO LO NT a cn VD NT T— VO CD o o
\ CN CN c— ID CD NT cn VO CO CD CO NT o t^- VD *—CO VD NT cn a NT CD cn cn ID r>- cn cn NT ID —^ r-
•P CN CO CN CO CO CN CN CN CO CN CN CN CN CO ro CN
(-J • • • • • • • • • • • • • • o •o> r-i T—I T~ r—« —^ 1 r—« * ■ *— ■ r—■ r— <“ t1 1 1 1 1 1 ■ 1 I 1 ■ 1 1 1 1 •
,-s \ r— CN NT a cn CO ID r— cn NT o CD cn o N T VDLD a CD *— NT <— CO LO VD VD r*- NT CD CO CD cn CD CDCL -p VD r» CD r - ' - VD CO VO VO VO NT ID ID ID VD VD VD-— r—j O CN CD o CO a a a NT CD CD CD o o CD aa • • • • • • • • • • • • • • • •
UJ > CD CD CD CD O □ o o CD O a O a o a CD
IDQ.
UJ
o=C T~ CD r— CO CD ID VD cn ID ID r— CN NT CO cn CD
r» ID C"- r- NT VD VD a LO LD O NT NT t— r— CD
Cl cn C"* NT CD CO CO r- f- cn NT r>- CN- VD cn —^ NT
■p NT NT ID LD ID ID LD LO ID ID LD NT VD VD LDr—1
o> C— f t r—i r— ■ f —^ I f 1 T— I i T— i T— | t—t i *— i1 1 1 < 1 1 1 1 1 I 1 I 1 i 1 I
,-s cn CO cn r— CD CN cn CD CO CD VD NT ID cn CN VDw r— CN. CD CO CN 4— ID CD CO t'- ID [N- cn cn,—v ID +3 r— «— cn —^ CO CN NT ID CO o to CO NT NT CO cn
• CL •H CD LD LO cn VD LD ID CN LD LD ID CN- CN NT ID
-P V_' O • • « • • • • • 0 * • • • * • •
c > > CO CO CO CO CO co CO CO NT CO CO CO CO CO CO CO
o '— ' i 1 1 1 « I 1 1 1 1 1 1 1 1 1 1
CD
©
-Dre
CN CO LD VD CD cn
CN CO ID VD
o f  N1 to the r e s t  o f  the molecule might d i r e c t l y  increase drug a c t i v i t y .  
Conversely, q u i te  p la u s ib le  explanations might be given fo r  the d i r e c t  
re levance o f  each v a r ia b le  appearing in  regressions (3 .1 b )  and ( 3 . 1 c ) .
The appearance in  both o f  these regressions o f  w ith  a negative
c o e f f i c ie n t ,  might in d ic a te  th a t  a charged moiety o f  the microsomal 
enzyme recep to r i s  located  in  the v ic i n i t y  o f  in  the d rug -recep tor  
complex. The appearance o f   ^ ^(P^) ra th e r  than V(P^ ) , tends to suggest
th a t  the p o la r iz a t io n  o f the molecule by th is  charge i s  m o r e - c r i t ic a l  
than the e le c t r o s t a t i c  in t e r a c t io n .
A f te r  the form ation  o f  such an enzyme-substrate complex, the
replacement o f  a methyl-H by an -OH is  expected to  take p la ce . According
to the prec ise  mechanism, th is  process might be favoured by a high
e le c tro n  d e n s ity  on the methyl-H , thus exp la in in g  the appearance o f
Q , u i th  a negative  c o e f f i c i e n t ,  in  ( 3 .1 b ) .
H5
Almost c e r t a in ly ,  the weaker the CZ -H5' bond, the e a s ie r  the
s u b s t i tu t io n  c f  H5' by OH. This argument might w e ll  e xp la in  the presence
o f  E_«i u_, , u i th  a p o s i t iv e  c o e f f i c i e n t ,  in  regression  (3 .1  d ) .  A l l  in  
CZ —H5
a l l ,  desp ite  having the lowest c o r r e la t io n  c o e f f i c i e n t ,  regress ion  ( 3 . 1 d) 
i s  the most a t t r a c t i v e  o f the four presented above.
Of the regress ions o f pD^g °n the sp ec ia l  combinations o f  more 
than two v a r ia b le s ,  only ( 3 . 1 e ) ,  which invo lves  p ro p e rt ie s  o f  recep to r  
p o in t  5 , i s  s ig n i f i c a n t  a t  even the 2*5% le v e l :
(3 .1 e )  pD4Q = -1 3 -2  (± 8 -4 )  V(Pg) -  12-9 (± 9 -6 )  Ex (Pg) + 9-4  (± 7 -2 )  Ey (Pg)
-  5 -2  (~4‘ 6)  E (P„) -  0-90 (± 0 -6 1 )2 b
and r  = 0 *8 2 2 ; s = 0 *2 6 7 ; F (4 ,1 0 )  = 5 *2 2 .
where the x, y and z d ire c t io n s  are in d ic a te d  in  f ig u re  ( 3 . 2 ) .
Despite the use o f  tw ice as many independent v a r ia b le s ,  the c o r r e la t io n
c o e f f ic ie n t  obtained here is  not as g re a t  as fo r  best tw o -v a r ia b le  
regress ion s, (3 .1 a )  to ( 3 . 1 d ) .  For th is  reason, i t  i s  unwise to  
devote too much time to the physica l in t e r p r e t a t io n  o f  regress ion  ( 3 . 1 e ) .
Data used f o r  the above regressions f o r  the PDMT s er ie s  are  
presented in  ta b le  ( 3 . 1 ) .
(2 ) PPfTCa) s e r ie s .
One o f  the simple regressions obtained in  c a lc u la t io n s  on the  
PMT(a) ser ies  has a s ig n if ic a n c e  above 99*9;£:
(3 .2 a )  pD4Q = 14-7  (± 3 -4 )  EgIND(N l )  + 1 0 9 5  (1253)
and r  = 0*768; s = 0*263; F (1 ,1 3 )  = 18*7 .  
c . f . ^ ( 1 ,1 3 ,9 9 * 9 ^ )  = 17*8 .
I t  i s  d i f f i c u l t  to make a d i r e c t  physica l in t e r p r e t a t io n  o f  th is  c o r r e la t io  
since the t o t a l  removal o f  NZ from a l l  o ther atoms c o n s t i tu t in g  the
molecule is  sca rce ly  to be expected as a step in  the decomposition o f
PffiT to  give the a lk y la t in g  c a t io n .  On the basis o f  ( r 3 ) ,  the s treng th
o f the bond between NT and NZ might be expected to  have some bearing  on
t h is  decomposition. However, the regression  o f pD^g on ^ h a s  a 
negative  s lope, in d ic a t in g  the stronger the bond, the h igher the  pD^g:
(3 .2 b )  PD4 0  = -  24-5  (1 7 -5 )  -  1052 (1323)
and r  = 0*670; s = 0*305; F (1 ,1 3 )  = 1 0 * 6 .
I t  i s  perhaps fo r tu i to u s  th a t  th is  regression may be dismissed on the  
grounds o f  a low s t a t i s t i c a l  s ig n if ic a n c e .
Several o f  the two-independent v a r ia b le  regressions obta ined fo r  
the PMT(a) s e r ie s  have s ig n if ic a n c e s  above 99*9%. The best fo u r  are  
are l i s t e d  below:
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(3 .2 c )  pDjq = 12-7  (± 2 -4 )  80-8  ( i t l3 -6 )  + 8 -3  (± 1 -3 )
and r  = 0 -864; s = 0 -216; F (2 ,1 2 )  = 1 7 -6 .
(3 .2 d )  pD4Q = -  32-1 ( - 6 - 2 )  Q -  108-8 (± 18 -9 ) Q + 12-7  (± 2 -0 )  
and r  = 0-860; s = 0 -218; F (2 ,1 2 )  = 1 7 -1 .
(3 .2 e )  pD4[| = 11*9 (—2• 2) Eg1 ND(N l)  + 17*1 (± 4 -0 )  f  ^  + 862 (±159)
and r  = 0-843; s = 0 -230; F (2 ,1 2 )  = 1 4 -7 ,
( 3 . 2 f )  pD4 0  = -  0-474 ( -0 -0 9 2 )  EgIND(t t - )  + 61 (±12) E ^ . ^ t  1182 (±243) 
and r  = 0 -836; s = 0-235; F (2 ,1 2 )  = 1 3 -9 .
In  regressions ( 3 .2 c ) ,  ( 3 . 2 d) and ( 3 . 2 f ) ,  the independent v a r ia b le s  are  
p ro p e rt ie s  e x c lu s iv e ly  o f  the phenyl r in g  and as such are d i f f i c u l t  to  
i n t e r p r e t .  Ring p ro p e r t ie s  may p lay  a ro le  in  binding to  p h y s io lo g ic a l  
molecules. The monomethyl t r ia z e n e s  are so unstable  th a t  fu r t h e r  enzymatic  
a c t iv a t io n  can scarce ly  be deemed necessary. Such binding might, however, 
have a c r i t i c a l  e f f e c t  on tra n s p o r t  p ro p e r t ie s .  In  a d d it io n ,  i t  i s  
conceivable t h a t  some p re lim in a ry  binding might take p lace  between 
t r ia z e n e  and macromolecule p r io r  to a lk y la t io n  o f  the macromolecule.
According to the m echanistic scheme presented in  ( r l )  to ( r 4 ) ,  i t  
i s  tautomer (b) o f  PMT which i s  d i r e c t l y  concerned in  a lk y la t io n .  By 
th is  token, tautomer (a ) only has re levance to drug a c t i v i t y  v ia  i t s  
e f f e c t  on the le v e l  o f  tautomer (b) a v a i la b le .  The v a r ia b le s  appearing  
in  regress ion  (3 .2 e )  have no d i r e c t  bearing on the ease o f  conversion o f  
PMTCa) to PNT(b). In  f a c t ,  none o f  the twenty f i v e  best tw o -v a r ia b le  
regressions provided by the HOREG p r in to u t  fo r  PP1T(a) have a c le a r  
re levance to the r e la t i v e  le v e ls  o f the two tautomers. E ( a ) - ( b ) ,  which 
has been inc luded  in  the search as a supplied independent v a r ia b le ,  does
not appear in  any o f  these twenty f i v e  regress ions.
Of the regress ions  o f PD^g on the sp ec ia l  combinations o f  more 
than tuo v a r ia b le s ,  on ly  ( 3 .2 g ) ,  which in vo lves  p ro p e r t ie s  o f  recep tor  
p o in t  5,  i s  s ig n i f i c a n t  a t  even the 5% l e v e l :
(3 .2 g )  pD40 = -  11-5 (± 6*3 )  VfPg), -  14*5 ( t l O - 3 )  E ^ P g )  + 4 -5  ( t s - 1 )  E (Pg)
-  6*9 (17 -3 )  E (Pc) -  0*12 ( i o * 6 4 )
Z b
and r  = 0*807; s = 0*277; F (4 ,1 0 )  = 4 *66 ,
where the x, y and z d ire c t io n s  are in d ic a te d  in  f ig u re  ( 3 , 3 ) .
Regression (3 .2 g )  i s  very s im i la r  to regression (3 .1 e )  fo r  the PDMT
s e r ie s .  U ith  near coincidence o f  the recep to r p o in ts ,  P_, fo r  the two5
s e r ie s ,  th is  makes i t  c le a r  th a t  e s s e n t ia l ly  the same r e la t io n s h ip  i s
expressed by the two reg ress io n s . Values o f  V, E^, E^ and E  ^ f o r  P^
fo r  the PMT(a) s e r ie s  are recorded in  ta b le  ( 3 . 2 ) ,  along w ith  a l l  o ther
independent v a r ia b le s  used in  the regressions presented above f o r  th is
s e r ie s .  Although absolute values d i f f e r  s u b s ta n t ia l ly  from the
corresponding P_ p ro p e r t ie s  fo r  the PDP1T s e r ie s ,  p a r t i c u l a r l y  f o r  E , the  
5  X
s a l i e n t  changes in  these q u a n t i t ie s ,  as the r in g  s u b s t i tu e n t  i s  v a r ie d ,  
are m irrored  in  the two s e r ie s .
(3 )  PI*lT(b) s e r ie s .
A l l  o f  the simple regressions o f  PD^Q on v a r ia b le s  c a lc u la te d  fo r  
th is  s e r ie s  have s ig n if ic a n c e  below 99*9/o. The two v a r ia b le  regressions  
are ra th e r  more encouraging, however, the best fo u r  being presented below:
(3 .3 a )  pD4 0  = 37*8 (± 7 -4 )  f E(Or-) -  0*285 (lo*066) E (P4) -  6*74 (± 1 *64 )
and r  = 0*846; s = 0*228; F (2 ,1 2 )  = 15*2 .
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(3 .3 b )  pD4 0  = 36*1 (± 7 -3 )  f E(Pi.) -  28-4  (± 6 - 6 ) EBINQ(N l )  -  85-4  (± 1 9 -0 )  
and r  = 0*844; s = 0 -229; F (2 ,1 2 )  = 1 4 -9 .
(3 .3 c )  pD4Q = 40-1 (± 7 *8 )  f E( l > )  -  0-0908 (±0-0214 ) -  7*84 (± 1 -76 )
and r  = 0 -843; s = 0-230; F (2 ,1 2 )  = 1 4 - 8 .
(3 .3 d )  pD4 0  = 36-5 (± 7 -4 )  f E(D r) -  0-0521 (±0-0124 ) E2 (P4 ) -  5-98 (± 1 -6 1 )
and r  = 0-841; s = 0-232; F (2 ,1 2 )  = 1 4 -5 .
The f E value f o r  the p-carbon in  the phenyl r in g  appears in  a l l  these
regress ion s , as in  regression (3 .2 c )  fo r  tautomer ( a ) .  This q u a n t i ty
may be re le v a n t  to the t ra n s p o rt  p ro p e r t ies  o f  the drug, or to the ease
(279)o f  e xc re to ry  removal by p -h yd ro xy la t io n  . The second v a r ia b le  in  
each regress ion  is  a p roperty  associated more u i th  the t r ia z e n e  group.
The appearance o f Ey in  (3 .3 a )  makes necessary some d e f in i t io n  o f  the  
c a rte s ia n  fram e. The y -a x is  l i e s  in  the plane o f  the molecule, a t  an 
angle o f  149-9 to the l in e  jo in in g  P4 to N , as in d ic a te d  in  f ig u r e  3 .5 .
F igure ( 3 .5 )
I t  i s  possib le  th a t  a p o s i t iv e  f i e l d  component, E^, impedes the approach 
of H^ O (through in te r a c t io n  u i th  the H^ O d ipo le  moment) req u ired  f o r  the  
hydro lys is  re a c t io n  ( r 3 ) .  This uould exp la in  the negative c o e f f i c i e n t  
appearing u i th  Ey in  ( 3 . 3 a ) .
2The negative  c o e f f ic ie n ts  appearing u i th  anci V (P^) in
regressions (3 ,3 b )  and ( 3 ,3 c ) ,  r e s p e c t iv e ly ,  make i t  hard to exp la in
d i r e c t  re levance o f  the tuo q u a n t i t ie s  to drug a c t i v i t y .  The re levance
'4
2o f  E ( P , ) ,  uhich appears in  ( 3 ,3 d ) ,  i s  probably v ia  i t s  c o r r e la t io n  u i th
E .
y
The appearance o f  Q(N1), u i th  a negative  c o e f f i c i e n t ,  in  the f i f t h -  
best tuo v a r ia b le  reg ress io n , ( 3 .3 e ) ,  suggests th a t  the s t a b i l i t y  o f  
N1 -p ro to n ated  c a t io n  may be c r i t i c a l  to drug a c t i v i t y .
( 3 . 3e) pD4Q = 36*4 (± 7 *4 )  f E(C*) -  139 (±33) Q(Nl) -  24*6 (± 5*1 )
and r  = 0 -841; s = 0-232; F (2 ,1 2 )  = 1 4 -4 .
(271)This c a t io n  has been postu la ted  as the in te rm e d ia te  in  the p ro to ly s is
o f  PHT (and c e r ta in  o f  i t s  p -s u b s t i tu te d  d e r iv a t iv e s )  in  an acid aqueous 
medium;
+ ' ^Ph -  NH -  N = N -  CH3 + H ^  PhNH2 -  N = N -  CH3
—> PhNH2 + N2 + CH3+ ( r 6 )
The exp lana tion  o f  ( 3 .3 e ) ,  in  terms o f  p ro to ly s is ,  is  perhaps more 
s a t is fa c to r y  than the exp lanation  given fo r  regression  ( 3 .3 a ) ,  the l a t t e r  
re q u ir in g  the assumption th a t  an e n e r g e t ic a l ly  unfavourable mode o f  H2 0  
approach ( f ig u r e  ( 3 . 5 ) )  is  c r i t i c a l  to the p h y s io lo g ic a l  decomposition  
o f PMT to y ie ld  CH3+ .
A l l  o f  the best tuenty  f i v e  tu o -v a r ia b le  regressions obtained fo r  
the PnT(b) s e r ie s  conta in  a t  le a s t  one v a r ia b le  uhich is  a p ro p erty  o f  
one o f the phenyl r in g  c en tres , l/alues o f  the independent v a r ia b le s  
appearing in  regressions (3 .3 a )  to (3 .3 e )  are l i s t e d  in  ta b le  ( 3 . 3 ) .
For the PlvlT(b) s e r ie s ,  none o f  the regressions o f pD^g on s p ec ia l
combinations o f  more than tuo v a r ia b le s  are s ig n i f ic a n t ,  even a t  the  
5% l e v e l .
P r e d ic t iv e  pouer o f the regress ions.
The dose-response curve fo r  compound number tu e lv e ,  p-CONHCH^COOH- 
PDNT, is  depicted  in  f ig u re  3 .6 .  I t  i s  by no means c le a r  th a t  an ILS 
o f  40^ is  obtained u i th  any dosage o f th is  compound, and fo r  th is  reason  
i t  has been l e f t  out o f  the regress ions.
40------
x in d ic a te s  dataILS
20 p o in t
2*0 2*5
lO910 d:
Figure ( 3 .6 )  Dose-response curve fo r  compound number tu e lv e .
Is o la te d  c a lc u la t io n s  have s t i l l  been performed, houever, to o b ta in  the  
r e a c t i v i t y  in d ice s  fo r  th is  compound. By in s e r t in g  the ap propria te  
values fo r  the independent v a r ia b le s  in to  the regressions presented above 
estim ates may be made o f the p D^q compound number tu e lv e .  From a 
p u re ly  s t a t i s t i c a l  s tandpo in t,  the louer the ’ s ’ value o f  a reg ress io n ,  
the more r e l i a b l e  are p re d ic t io n s  made using i t .  On the o ther hand, the  
more general is  the m echanistic basis o f  the regression r e la t io n s h ip ,  
then the more " ro b u s t” the re la t io n s h ip  should be as regards accommodating 
neu data p o in ts .  For th is  reason, p re d ic t io n s  are l i s t e d  in  ta b le  (3 .4 )  
according to  the best ( s t a t i s t i c a l l y )  and the most lu c id  tuo v a r ia b le  
regressions fo r  the PDMT and PHT(b) s e r ie s .  The values p red ic ted  by the
best s in g le  and best tuo v a r ia b le  regressions fo r  the PMT(a) s e r ie s  are
also l i s t e d .
.Table ( 3 .4 )  P red ic ted  a c t i v i t i e s  o f  compound number tue lve .
Regression Equation
(3 .1 a )
( 3 . 1 d)
(3 .2 a )
(3 .2 c )
(3 .3 a )
(3 .3 e )
P red ic ted  pD
1-123  
0*913  
0*780  
0*970  
0*617  
0*702
■40
Uere i t  not fo r  the onset o f  t o x i c i t y  a t  high doses, compound 
number tu e lv e  uould give an ILS o f 40^ o u i th  1 °9<jq d 2 *37 . Since the  
molecular u e ig h t is  250*26 fo r  th is  compound, ue might thereby expect  
pD^g 0 *03 . A l l  p re d ic t io n s  contained in  ta b le  (3 .4 )  are c le a r ly  much 
too la rg e ,  regress ion  (3 .3 a )  fo r  the PMT(b) s e r ie s ,  g iv ing  the c lo se s t  
e s t im a te . The s u b s t i tu e n t  fo r  th is  compound, p-CONHCH^COOH, is  
s ig n i f ic a n t l y  more bulky than fo r  any other compound in  the s e r ie s .
This bulk iness may impede the b i o a v a i l a b i l i t y  in  a manner not accounted 
fo r  in  the above regress ions.
General conclusions.
To summarise the s a l ie n t  fe a tu res  o f the regressions obta ined fo r  
the PDHT, PHT(a) and PfylT(b) s e r ie s ,  the only h ig h ly  s ig n i f ic a n t  simple  
regress ion  is  obtained fo r  the PfYiT(a) s e r ie s .  I t  i s  d i f f i c u l t  to make 
a d i r e c t  physica l in t e r p r e t a t io n  o f th is  re g ress io n . The best tuo 
v a r ia b le  regressions fo r  each ser ies  are h ig h ly  s ig n i f ic a n t ,  the order  
of q u a l i t y  being: PMT(a) > PDMT~ PfYlT(b) • No s t a t i s t i c a l l y ' convincing
regressions o f  pD^g on sp ec ia l combinations o f  more than tuo v a r ia b le s
are obta ined .
The best tuo v a r ia b le  regressions fo r  the PHT(b) and PDHT s e r ie s ,  
and a l l  such regress ions fo r  PHT(a) s e r ie s ,  are hard to in t e r p r e t  in  
the l i g h t  o f  the proposed re a c t io n  sequence ( r l )  to ( r 4 ) .  The best 
lu c id  regress ion  from the PDHT c a lc u la t io n s  has r  = 0 *837, u h i le  the  
best lu c id  regress ion  from the PHT(b) c a lc u la t io n s  has r  = 0*841.
This d i f fe re n c e  i s  not s u f f i c i e n t  to make any decis ion  as to the  phase
in  uhich d is c r im in a t io n  according to s u b s t i tu e n t  takes p lace .
A lack  o f  robustness in  a l l  the regressions is  revealed  by t h e i r
i n a b i l i t y  to p r e d ic t  the a c t i v i t y  o f  a compound u i th  a bulky s u b s t i tu e n t .
The overes tim atio n  o f  the pD^g compound number tu e lve  i s  le a s t  fo r  
the PHT(b) s e r ie s  regress ion s .
Addendum.
On submission o f  uork on the phenyl tr ia z e n e s  fo r  p u b l ic a t io n ,  
r e fe r e e s ’ c r i t ic is m s  uere concerted against the u n l ik e ly  e q u i l ib r iu m  
geometry used fo r  PDHT in  the c a lc u la t io n s ,  th is  being deemed an 
a r t e f a c t  o f  the INDO approximation. Since the s c r ip t  contained re s u l ts  
fo r  n e i th e r  PHT s e r ie s ,  the re fe re e s  had no o pportu n ity  to c r i t i c i s e  
the GEOHIN geometry fo r  PMT(a), shoun in  f ig u re  ( 3 . 3 ) .  ST0/3G c a lc u la t io n s  
have th e re fo re  been performed, in  an attempt to j u s t i f y  the use o f  the GEOHIN 
geometry fo r  PDHT. Complete a b - i n i t i o  geometry o p t im is a t io n  being out  
o f the question , the t o t a l  energy obtained u i th  the GEOHIN geometry 
has been compared to those obtained u i th  more i n t u i t i v e l y  appealing  
t r ia z e n e  conform ations. Results  are presented in  ta b le  ( 3 . 5 ) .
In  s ta rk  c o n tra s t  to the INDO and HINDO/3 p re d ic t io n s ,  conformation
( c ) ,  in  uhich a' z ig -za g  t r ia z e n e  group l i e s  coplanar u i th  the phenyl 
r in g ,  i s  c le a r ly  the most s ta b le  according to a b - i n i t i o  c a lc u la t io n s .
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Although the GEOHIN d ih e d ra l  angles fo r  the t r ia z e n e  group are shown 
to be t o t a l l y  d e fe c t iv e ,  some evidence th a t  the bond lengths and angles  
are reasonable i s  provided by the observation  th a t  conformation (c ) i s  
more s ta b le  than ( d ) .
Even when an experim ental geometry is  a v a i la b le  fo r  a molecule, 
a strong case can always be made out fo r  basing c a lc u la t io n s  on the  
geometry most c o n s is te n t  w ith  the HQ approximation employed, i . e .  the  
p red ic ted  e q u i l ib r iu m  geometry. N everthe less , i t  is  in te r e s t in g  to  
compare the re s u l ts  obtained using the experim ental geometry w ith  those 
obtained using the p re d ic ted  geometry, whenever there  is  a big discrepancy  
between the two. C a lcu la t io n s  have been repeated fo r  the PDHT ser ies  
using conformation ( c ) ,  th is  being the soundest estim ate  a v a i la b le  fo r  
the t r ia z e n e  conformation in  PDHT. D e ta i ls  are as described fo r  the 
c a lc u la t io n s  using the GEOHIN geometry, except th a t  i t  was necessary to  
omit the probing o f  recep tor p o in ts ,  to save t im e.
The re s u l ts  may be ra t io n a l is e d  on the basis th a t ,  on going from 
the GEOHIN geometry to conformation ( c ) ,  trends in  the r e a c t i v i t y  in d ice s  
associated w ith those centres whose p o s it io n s  are unchanged are  
correspondingly  very l i t t l e  changed, whereas trends in  in d ice s  associated  
w ith  s h i f te d  centres  may be r a d ic a l ly  changed. The best two simple  
regressions obta ined w ith  conformation (c ) :
(3 .4 a )  pC =■- 87 (±29) Q(HG) + 0-73 (± 0 -11 )
and r  = 0-637; s = 0 -317; F (1 .1 3 )  = 8 - 8 6 .
(3 .4b )  pC = 26-7  (± 9 -3 )  Eb in d (HG>) ■+ 531 (±184)
and r  = 0-625; s = 0-321; F*(1.13) = 8 -3 4 .
correspond almost e x a c t ly  w ith the best two simple regressions obta ined
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u i th  the GEOHIN geometry:
(3 .1  f )  pC = -  83 ( -2 8 )  Q(Hfc) + 0 * 6 8  (lo*12) ' 
and, r  = 0*634; s = 0*318; P (1 ,1 3 )  = 8 *75 .
( 3 . 1 g) pC = 26*0 (= 9 -0 )  EgIND(H6 ) + 533 (=179) 
and r  = 0*636; s = 0*317; F (1 ,1 3 )  = 8 *84 .
since these in v o lv e  in d ices  associated u i th  a phenyl hydrogen. On the
o ther hand, the best four tuo v a r ia b le  regress ions, (3 .4 c )  to ( 3 . 4 f ) ,
obtained u i th  conformation ( c ) ,  are q u ite  d i f f e r e n t  to the corresponding
ones, (3 .1 a )  to ( 3 .1 d ) ,  obtained u i th  the GEOHIN geometry. Those
trends in  En./ ur/ and Qu uhich conso lida te  regressions (3 .1 a )  and L/d —Ho H
( 3 . 1 c ) ,  r e s p e c t iv e ly ,  are c le a r ly  not maintained on s u itch in g  to  
conformation ( c ) .
(3 .4 c )  pC = -  126 (±24) Q(H&) + 5*7 (± 1 -6 )  E „  + 213 ( -6 1 )
LI -L b
and r  = 0*839; s = 0*232; F (2 ,1 2 )  = 14*31 .
(3 .4 d )  pC = -  128 {±29)  Q(H£>) + 9*7 (t3*8)flC(CZf ) + 1202 (1470)
and r  = 0*784; s = 0*265; F (2 ,1 2 )  = 9 *59 .
(3 .4 e )  pC = 35-6 (1 0 -4 )  EgIND(Hfc) + 4 -0  (= 1 -0 )  E^' _a  + 004 (1203)
and r  = 0*784; s = 0*266; F (2 ,1 2 )  = 9 *55 .
( 3 . 4 f )  pC = 28*9 (± 7 -7 )  Eb in d (H&) -  478 ( t l 8 2 )  f E(H5) + 574 (±153)
and r  = 0*783; s = 0*266; F (2 ,1 2 )  = 9 *53 .
Of the fo u r tuo v a r ia b le  regress ions, (3 ,4 c )  to ( 3 . 4 f ) ,  on ly  
(3 .4 c )  i s  s ig n i f ic a n t  a t  the 0*1% l e v e l .  In  regressions ( 3 .4 c ) ,  (3 .4 e )  
and ( 3 . 4 f ) ,  the independent v a r ia b le s  are p ro p e r t ie s  e x c lu s iv e ly  o f  the
phenyl r in g .  Furthermore, the presence o f  O^CZ7) ,  u i th  a p o s it iv e  
c o e f f i c ie n t ,  in  regress ion  ( 3 .4 d ) ,  i s  d i f f i c u l t  to i n t e r p r e t .  The 
only one o f  the best tuenty  f i v e  tuo v a r ia b le  regress ion s, fo r  
conformation ( c ) ,  uhich may be r e a d i ly  in te rp re te d  in  terms o f  the  
monomethyl in te rm e d ia te  hypothesis , ( 3 .4 g ) ,  suggests th a t  the s treng th
o f the  N -  C bond may be c r i t i c a l .  Houever, regress ion  (3 .4 g )  i s
s ig n i f ic a n t  on ly  a t  the 2*5$ l e v e l .
(3 .4 g )  pC = -  139 (±43) Q(Hfa) + 8 -9  (± 5 -6 )  E ^ ^ .  + 272 (±172)
and r  = 0*712; s = 0*300; F (2 ,1 2 )  = 6 *17 .
Values f o r  the independent v a r ia b le s  appearing in  regressions  
(3 .4 a )  to (3 .4 g )  are l i s t e d  in  ta b le  ( 3 . 6 ) ,  uhereas the independent 
v a r ia b le s  appearing in  regressions ( 3 .1 f )  and ( 3 . 1 g) are l i s t e d  in  
ta b le  ( 3 . 1 ) .
The use o f  a r e a l i s t i c  geometry fo r  PDHT, i . e .  conformation ( c ) ,  
ra th e r  than an estim ated e q u i l ib r iu m  geometry co n s is te n t  u i th  the HO 
method employed, seems to b lu r r  the physica l s ig n if ic a n c e  o f  the  
r e s u l ta n t  regress ion  equations. C a lcu la t io n s  using conformation ( c ) ,  
in  uhich recep to r  po in ts  uere probed in  the v i c i n i t y  o f  the t r ia z e n e  group, 
might be used to t e s t  th is  v ie u .  The use o f a s tra in e d  (as regards CNDO 
theory ) geometry may s t r a in  the in f lu e n c e  o f  the various phenyl r in g  
s u b s t itu e n ts  on the e le c t ro n ic  p ro p e r t ie s  o f the t r ia z e n e  group. This  
notion  is  given some credence uhen ue note th a t  c e r ta in  laus r e la t in g  
quantum mechanical v a r ia b le s ,  e .g .  the v i r i a l  theorem, on ly  hold fo r  
the e q u il ib r iu m  geometry. To th is  e x te n t ,  the use o f an u n r e a l is t ic  
GEOHIN geometry may be c o rre c t  uhen performing CNDO c a lc u la t io n s .
C H A P T E R  4
O l-rO R H YLTH IO SEn iC f lR B AZO N E  ( N )-H E T E R 0C Y C LE 5.
In t ro d u c t io n .
Thiosemicarbazones are formed by a condensation re a c t io n  between
«
th iosem icarbazide  and a carbonyl conta in ing  reagent, such as an 
aldehyde (see b e lo u ) •
formaldehyde th iosem icarbazide  formylthiosem icarbazone
Thiosemicarbazones, as a c lass o f  compounds, are known to possess
a spectrum o f b io lo g ic a l  a c t i v i t i e s .  This spectrum inc ludes a n t i v i r a l ,
( 2 RR 1
a n t ib a c t e r i a l ,  a n t i fu n g a l  and antitumour a c t i v i t y  . The most
prominent chemical fe a tu re  o f the thiosemicarbazones is  t h e i r  a b i l i t y
to c h e la te  t r a n s i t io n  metal io n s . This a b i l i t y  is  probably re le v a n t
(274)in  most o f  t h e i r  b io lo g ic a l  a c t i v i t y  •
Any thiosemicarbazone possesses a t  le a s t  tuo e lec tron -do nor s i te s  
fo r  c h e la t io n ,  provided no other groups have a lready  been added a t  the  
unsaturated N or a t  S. The &C-formylthiosemicarbazone ( f\i)-heterocycles  
have a th i r d  donor s i t e  a t  the r in g  n itro g e n . The p o te n t ia l  ac t io n  
o f 2 - fo rm y lp y r id in e  thiosemicarbazone^" (PT) as a t r id e n ta te  l ig an d  
i s  made c le a r  in  f ig u re  ( 4 . 1 a ) .
t  L o g ic a l ly ,  th is  name should be n2 -fo rm y lth io se m ic arb a zo n e -p y r id in e n, 
but the above uord sequence i s  always used in s te a d .
Both s tru c tu re s  p la n a r .
F igure ( 4 . 1 a ) .  E isomer o f  PT. F igure ( 4 .1 b ) .  Z isomer o f  PT.
PT and 1 - fo rm y lis o q u in o l in e  thiosemicarbazone ( IQ -1 )  are each
knoun to e x is t  in  tuo isom eric  forms. The "En ( t ra n s )  and "Zn ( c is )
forms d i f f e r  by a 180 ro ta t io n  o f  the thiosemicarbazone group about
the C1' = N*' bond (see F ig s . (4 .1 a )  and ( 4 . 1 b ) ) .  I t  i s  possib le  to
ob ta in  c ry s ta ls  o f  the separate E and Z forms, though in  s o lu t io n  an
( 2 7 5  1
e q u i l ib r iu m  m ixture i s  obtained . From NMR stud ies  o f PT and IQ-1
/ 2 7 5  1
IQ -1 '  ' ,  i t  i s  ev iden t th a t  the E isomer o f  each predominates in  .
DMSO s o lu t io n  a t  room tem perature.
An oc-formylthiosemicarbazone ( N )-h e te ro cyc le  does not c h e la te
as a n e u tra l  molecule, but as the anion l e f t  a f t e r  the removal o f  a
proton from N3' • The s tru c tu re  o f  the complex formed by c h e la t io n  o f  
2+Ni by tuo IQ-1 anions has been determined by X -ray  an a lys is  o f  the  
( 77 6 ^monohydrate . P a r t  o f  the observed s tru c tu re  is  sketched in  
f ig u r e  (4 .2 )®  Only one o f the ligands  is  included e x p l i c i t l y  here ,  
to avoid c l u t t e r .
The antitum our a c t i v i t y  o f  PT uas f i r s t  appreciated in  1956,
uhen in h ib i t io n  o f  L82T, L1210 and L4946 leukemias in  mice uas
(277)observed by Brockman e t  a l  • Subsequent observations by French e t
Figure ( 4 . 2 ) .  P a r t  o f  b is ( l- fo rm y lis o q u in o l in e th io s e m ic a rb a zo n e )
(2 7 5 )
n i c k e l ( l l ) ,  as i t  occurs in  the monohydrate • 
(Ligand 2 may be generated by ro ta t io n  o f  l igand  1 by 90° about
Mi N2' t fo llow ed by in v ers io n  through the Ni c e n tre .  The ligands
thus occupy m utually  perpend icu lar p la n e s ) .
(278 )a l  gave r is e  to the hypothesis th a t  the antitumour a c t i v i t y  o f
PT, IQ-1 and r e la te d  compounds r e l i e s  upon the t r id e n t a t e  c h e la t io n  
o f p h y s io lo g ic a l  F e ( l l ) .  Complementary s tud ies  by S a t o r e l l i  and 
couorkers, reviewed in  re ferences  (279-81) have p inpointed  a c r i t i c a l  
s i t e  o f  a c t io n  o f  these compounds as the enzyme r ibonuc leos ide  
diphosphate reductase (RDR). In h ib i t io n  o f th is  enzyme by the  
th iosemicarbazones, in  both normal and n eo p las tic  c e l l s ,  means t h a t  
DNA synthesis  i s  impeded.
(27Q)
Since RDR is  an Fe dependent enzyme, French e t  a l  propose
th a t  addendal b locking o f  surface Fe by the thiosemicarbazone l ig an d  
re s u l ts  in  the in h i b i t i o n .  This model is  id e n t ic a l  to a re ce p to r  s i t e
(209 ^
model p re v io u s ly  proposed by S a r t o r e l l i  e t  a l  (see F ig .  ( 4 . 3 ) ) .
In  view o f  the subsequent observations:
(a )  The i n h i b i t i o n  o f  RDR by IQ-1 i s  n o t  r e v e r s e d  by a d d in g  f r e e  
2+
Fe t o  com pete f o r  th e  l i g a n d s *
(b )  The com p lex  fo rm e d  by a d d in g  an F e ( l l )  s a l t  t o  IQ-1 i s  a t  l e a s t  
*
as a c t i v e  an i n h i b i t o r  o f  RDR as IQ -1 a lo n e *  F u r th e r m o re ,  th e  i n h i b i t i o n  
o f  RDR by th e  i r o n - I Q - 1  com p lex  i £  r e v e r s e d  by a d d in g  f r e e  Fe + ,
S a r t o r e l l i  e t  a l ^ 80  ^ now p ro p o se  t h a t  t h e  a c t i v e  s p e c ie s  i n  t h e  
i n h i b i t i o n  o f  RDR i s  t h e  re a d y  fo rm ed  i r o n - I Q - 1  co m p le x ,  and t h a t  t h i s
r \
com p lex  b in d s  t o  a s i t e  on th e  enzyme n o r m a l l y  o c c u p ie d  by Fe + * I n  
th e  case  uhen IQ -1 a lo n e  i s  a d m in is t e r e d ,  th e  com p lex  m ig h t  fo rm  i n  
s i t u  by th e  b in d in g  o f  Fe io n s  a l r e a d y  p r e s e n t  i n  th e  b i o l o g i c a l  sys tem *
NHCH
Fe
F ig u r e  ( 4 * 3 ) *  H y p o t h e t i c a l  i n t e r a c t i o n  o f  ( I Q - 1 ) " ’ u i t h  i r o n  c h a rg e d  
RDR^282^.
( 280)S a r t o r e l l i  e t  a l v y d e l i b e r a t e l y  r e f r a i n  f ro m  g i v i n g  a
s t o i c h i o m e t r i c  f o r m u la  f o r  t h e  i r o n - I Q - 1  co m p le x ,  t o  le a v e  open th e
o p t i o n  t h a t  t h e  a c t i v e  s p e c ie s  m ig h t  be e i t h e r  F e ( l l ) . I Q - 1 + o r  t h e
n e u t r a l ,  f u l l y  c o - o r d in a t e d  F e ( l l )  [ i Q - l ]  2 * The Form er c o u ld  t a k e  up 
2+
th e  Fe s i t e  on th e  enzyme t o  g iv e  th e  same [RDR] *F e * lQ -1  a d d e n d a l  
b o n d in g  s i t u a t i o n  as shown i n  f i g u r e  4 * 3 .  The l a t t e r  c o u ld  r e a c t  
w i t h  t h e  enzyme i n  th e  f o l l o w i n g  manner:
[RDR] + F e ( I Q - l ) 2 ^  [RDR] .F e . lQ - 1  + IQ-1
As A n t h o l i n e  e t  p o i n t  o u t ,  how eve r,  t h e  s t a b i l i t y  o f  F e C l Q - l ^
u n d e r  p h y s i o l o g i c a l  c o n d i t i o n s  i s  so g r e a t  t h a t  RDR .F e . lQ - 1  roust 
be an e x t r e m e ly  s t a b l e  e n t i t y  f o r  K t o  have a s u b s t a n t i a l  m a g n i tu d e .
I t  may be t h a t  Fe IQ -1  ^ b in d s  t o  RDR i n  some o t h e r  way, re m a in in g  
i n t a c t  i n  so d o in g .
R e p o r ts  t h a t  v a r i o u s  t r a n s i t i o n  m e ta l  com p lexes  o f  I Q - 1 ^ ^  
and PTV have g r e a t e r  a n t i t u m o u r  a c t i v i t y  th a n  th e  r e s p e c t i v e  ba re  
l i g a n d s  have a ro u s e d  s u b s t a n t i a l  i n t e r e s t .  From a p r a c t i c a l  s t a n d p o in t ,  
th e  use o f  such  a com p lex  i n s t e a d  o f  t h e  ba re  l i g a n d  f o r  t h e  t r e a tm e n t  
o f  tu m o u rs  s h o u ld  a v o id  th e  e le m e n t  o f  t o x i c i t y  o f  th e  th io s e m ic a rb a z o n e  
w h ic h  r e s u l t s  f ro m  n o n - s p e c i f i c  c h e l a t i o n  and re m o v a l  o f  p h y s i o l o g i c a l  
i r o n .  Such t o x i c i t y  was o b s e rv e d  i n  t h e  d i s a p p o i n t i n g  c l i n i c a l  t r i a l s
[one ^
o f  5 - h y d r o x y - 2 - f o r m y l p y r i d i n e  th io s e m ic a rb a z o n e  . S u b s t a n t i a l  
q u a n t i t i e s  o f  i r o n  were e x c r e te d  i n  th e  u r i n e ,  w i t h  th e  o n s e t  o f  
d is e a s e s  a s s o c ia te d  w i t h  l a c k  o f  i r o n .  (Even s o ,  t h e  dose l i m i t i n g  
f a c t o r  was g a s t r o i n t e s t i n a l  t o x i c i t y . )
From a m e c h a n is t i c  s t a n d p o i n t ,  th e  a p p a re n t  a c t i v a t i o n  o f  th e
t t - f o r m y l t h io s e m ic a r b a z o n e  ( N ) - h e t e r o c y c le s  by t r a n s i t i o n  m e ta l  io n s
t a l l i e s  w i t h  th e  o b s e rv e d  b i o l o g i c a l  a c t i v a t i o n  o f  o t h e r  ty p e s  o f
th io s e m ic a r b a z o n e s .  The a c t i v i t y  o f  k e t o x a l  b i s ( t h i o s e m ic a r b a z o n e ) ,
(h ^ K T S ) ,  a g a i n s t  U a lk e r - 2 5 6  n i t r o g e n - m u s t a r d - r e s i s t a n t  tum ou r i n  r a t s
fe d  f ro m  w e a n l in g s  on a c o p p e r - f r e e  d i e t  has been shown t o  be d i r e c t l y
2+ (286 )d e p e n d e n t  on th e  d i e t a r y  i n t a k e  o f  Cu •
2 -The a n io n  KTS a c t s  as a t e t r a d e n t a t e  l i g a n d  t o  g i v e  a s t a b l e
2+
s q u a r e - p la n a r  com p lex  w i t h  Cu ( F i g .  ( 4 . 4 ) ) .  The i n  v i t r o  t o x i c i t y
o f  h^KTS t o  U a lk e r - 2 5 6  n i t r o g e n - m u s t a r d - r e s i s t a n t  c e l l s  i s  a ls o
/ 288  ^
d e p e n d e n t  on th e  p re s e n c e  o f  t r a n s i t i o n  m e ta l  i o n s  . O ut o f  15 
t y p e s  o f  t r a n s i t i o n  m e ta l  i o n  t e s te d  f o r  t h e i r  a b i l i t y  t o  a c t i v a t e
€ CH
N
C
NH,
(271 )F ig u r e  ( 4 * 4 ) *  The s t r u c t u r e  o f  CuKTS as e lu c id a t e d  by X ^ ra y  a n a l y s i s  ♦
H^KTS, e q u a l l y  h ig h  t o x i c i t i e s  were o b ta in e d  u s in g  Cu2+ and Cu+ * R o s t 
o t h e r  i o n s  u e re  i n e f f e c t i v e ,  th o u g h  m odera te  t o x i c i t y  uas o b s e rv e d  u s in g
2+ 2+ 3+
Cd and s l i g h t  t o x i c i t i e s  u e re  o b se rve d  u s in g  Zn and Au , r e s p e c t i v e l y .  
A s i m i l a r  p a t t e r n  o f  t o x i c i t i e s  uas d i s p la y e d  by t h e  re a d y - fo r m e d  
co m p le xe s*
2+
C e r t a in  d e r i v a t i v e s  o f  K^KTS a re  a c t i v a t e d  more by Zn th a n  by
2+
Cu • T h is  i s  th e  case  u i t h  k e t o x a l  b is ( N ^ - r a e th y l  t h io s e m ic a r b a z o n e ) ,
(2 8 8  9)l-^KTSf^ * • T h e re  i s  a s u g g e s t io n  t h a t  CuKTS i s  o n l y  more t o x i c
(289^
th a n  ZnKTS because o f  i t s  much g r e a t e r  s t a b i l i t y  • ZnKTSf^ i s  
much more s t a b l e  t h a t  ZnKTS a t  pH 7 * 4 ,  u h e re a s  CuKTSP^ anc* CuKTS have 
s i m i l a r  s t a b i l i t i e s *  The r o l e  o f  th e  th io s e m ic a r b a z o n e  i n  th e  t o x i c i t y  
o f  a com p lex  i s  c a s t  as t h a t  o f  a c a r r i e r  l i g a n d  t o  t a k e  th e  m e ta l  i o n  
i n t o  c e l l s ^ 2® ^ *
(2 9 0 )T h is  r o l e  i s  e x e m p l i f i e d  i n  a s tu d y  by P l in k e l  and P e t e r i n g '  
on  th e  i n t e r a c t i o n  be tw een CuKTS and E r l i c h  a s c i t e s  tum ou r c e l l s *  A f t e r  
e n t e r i n g  th e  l i v i n g  c e l l s  CuKTS decomposes q u i t e  r a p i d l y ,  as e v id e n c e d  
by a d e c l i n e  i n  a b so rb a n ce  o f  469 nm l i g h t *  The f o l l o w i n g  r e a c t i o n  
w i t h  t h e  t h i o l  com ponen t (RSH) o f  th e  c e l l s  i s  p rop o se d  t o  a c c o u n t  f o r  
t h i s :
C u ( l l ) K T S  + 2RSH --------^  C u ( l )S R  + i  RSSR + H2 KTS
C u ( l l )  i s  th e n  r e le a s e d  by oxygen dep e n d e n t  o x i d a t i o n  o f  C u ( l )S R .
H2KTS p r o b a b ly  d is p e r s e s  i n t o  th e  e x t r a c e l l u l a r  f l u i d ,  b u t  EPR
« 2+  m easurem ents  shou t h a t  t h e  Cu re m a in s .  I t  i s  p rop o se d  t h a t  th e
2+Cu io n s ,  when d i s t r i b u t e d  th o u g h o u t  t h e  c e l l ,  a re  t o x i c  th ro u g h  th e  
i n h i b i t i o n  o f  s e v e r a l  m e ta b o l i c  and a n a b o l i c  p ro c e s s e s .
N -m e th y l  i s a t i n y 6 - t h io s e m ic a r b a z o n e  ( M - IB T ) ,  shoun i n  f i g u r e
b;
(293 )
( 4 . 5 ) ,  i s  an a n t i v i r a l  a g e n t  used i n  th e  p r e v e n t io n  o f  s m a l lp o x ^ 2* ^
and i n  th e  t r e a t m e n t  o f  th e  c o m p l i c a t io n s  o f  s m a l lp o x  v a c c i n a t i o n
I t s  a n t i v i r a l  a c t i v i t y  i s  p r o b a b ly  co n n e c te d  u i t h  i t s  a b i l i t y  t o
(294 )i n h i b i t  R NA-dependent DNA p o ly m e ra s e s '  . The same a b i l i t y  has
been used to  e x p l a i n  th e  i n a c t i v a t i o n  by fV IB T  o f  Rous Sarcoma V i r u s ,  
(2 9 5 )RSV , an RNA v i r u s  u h ic h  causes m a l ig n a n t  t r a n s f o r m a t i o n  o f  c e l l s .
F ig u r e  ( 4 . 5 ) .  fV IB T .
I t  has been shoun t h a t  th e  a b i l i t y  o f  Pl-IBT and o t h e r  t h i o s e m i -  
ca rb a z o n e s  t o  b in d  n u c l e i c  a c id s  i s  g r e a t l y  enhanced by th e  a d d i t i o n  
o f  CuS04 ^296^ .  A s p e c i f i c  o b s e r v a t io n  made i n  t h i s  s tu d y  i s  t h a t  
f’l - IBT /C uSQ ^ b in d s  Rous Sarcoma v i r u s  RNA. I t  i s  p roposed  t h a t  t h i s  
s u b s t r a t e  b i n d i n g ,  r a t h e r  th a n  b in d in g  to  th e  enzyme, p ro d u ce s  th e  
o b s e rv e d  i n h i b i t i o n  o f  th e  RNA-dependent DNA p o lym e ra se  o f  RSV^2 9 ^ .  
As c o n f i r m a t i o n  o f  t h e . r o l e  o f  th e  t r a n s i t i o n  m e ta l ,  enhancem ent o f
th e  i n h i b i t i o n  o f  t h i s  p o ly m e ra s e  and o f  th e  m a l ig n a n t  t r a n s f o r m in g
a b i l i t y  o f  RSV by M -IB T , uhen a d m in is t e r e d  as a c o p p e r  co m p le x ,  has
(2 9 7 )s in c e  been o b s e rv e d  •
i t  i s  i n t e r e s t i n g  t h a t  i n  c e r t a i n  o f  th e s e  s t u d i e s ,  th io s e m ic a rb a z o n e s
o f  s e v e r a l  c la s s e s  have been lumped t o g e t h e r .  I n  th e  u o rk  by Kaska e t  
(2 9 7 )
a l  , H^KTS, PT and 4 - f o r m y l - p y r i d i n e  th io s e m ic a rb a z o n e s  u e re  t e s t e d
a lo n g s id e  F l- IBT and t h r e e  c l o s e l y  r e l a t e d  compounds. A l l  compounds u e re
2+assumed t o  fo rm  sq u a re  p la n a r  com p lexes  u i t h  Cu • D e p ro to n a te d  Fl-IBT
and i t s  d e r i v a t i v e s  a c t  as b id e n t a t e  l i g a n d s  v i a  0 and S do n o r  a tom s,
2 -
and KTS c h e la t e s  as shoun i n  f i g u r e  ( 4 . 4 ) .  I n  th e s e  c a s e s ,  ue have 
c o m p le te  c h e l a t i o n  o f  Cu^+ , u h i l e  u i t h  PT^ \  one Cu^+ a c c e p to r  s i t e  i s  
l e f t  f o r  c h e l a t i o n  by u h a te v e r  i s  a v a i l a b l e ,  p r o b a b ly  H^D. I t  i s  p o s s ib le  
t h a t  t h i s  d i f f e r e n c e  r e s u l t s  i n  th e  PT com p lex  b e in g  o v e r a l l  t h e  most 
e f f e c t i v e  a g e n t  o f  th o s e  t e s t e d  f o r  th e  i n a c t i v a t i o n  o f  RSV.
(297 )S tu d ie s  l i k e  t h a t  o f  Kaska e t  a l  draw a t t e n t i o n  t o  p o s s ib le
modes o f  a c t i o n  o f  th e  « < - fo rm y l th io s e m ic a rb a z o n e  ( N ) - h e t e r o c y c le s  o t h e r
th a n  i n h i b i t i o n  o f  RDR by b in d in g  to  i t .  The f a c t  t h a t  t h i s  i n h i b i t i o n ,
u i t h  th e  in c u m b e n t  i n h i b i t i o n  o f  DNA s y n t h e s i s ,  a lm o s t  c e r t a i n l y  does
ta k e  p la c e  i n - v i v o  as u e l l  as i n - v i t r o  does n o t  e x c lu d e  o t h e r  e f f e c t s ,
u h ic h  may be more o r  l e s s  im p o r t a n t  i n  t h e  o b s e rv e d  a n t i t u m o u r  a c t i v i t y .
/ 2981
K aron and B e n e d ic t  have shoun t h a t  PT causes c h ro m a t id  b re a k s  i n
(2 9 9 )h a m s te r  f i b r o b l a s t s .  F o l l o u i n g  t h i s  o b s e r v a t i o n ,  T s i f t s o g l o u  e t  a l
have shoun , by s e d im e n ta t io n  o f  DNA f ro m  Sarcoma 180 (S180) c e l l s ,  t h a t
e xp o s u re  o f  th e  c e l l s  t o  IQ -1  causes s u b s t a n t i a l  f r a g m e n t a t io n  o f  th e
(299 280)DNA s t r a n d s .  I t  i s  s u g g e s te d '  * '  t h a t  t h i s  i n d i c a t e s  a second s i t e
o f  a c t i o n  o f  t h e  Q £ - fo rm y l th io s e m ic a rb a z o n e  ( N ) - h e t e r o c y c le s  o f  m a jo r  
s i g n i f i c a n c e  i n  t h e i r  a n t i t u m o u r  a c t i v i t y .
The im p o r ta n c e  o f  t r a n s i t i o n  m e ta ls  o t h e r  th a n  i r o n ,  i n  p a r t i c u l a r
c o p p e r ,  i n  th e  b i o l o g i c a l  a c t i v i t y  o f  o t h e r  c la s s e s  o f  th io s e m ic a rb a z o n e s
has p o s s ib le  s i g n i f i c a n c e  t o  th e  o L - fo rm y l  th io s e m ic a r b a z o n e  ( N ) - h e t e r o -
(283 )
c y c l e s .  In d e e d ,  A g ra u a l  e t  a l  have i n d i c a t e d  t h a t  th e  com p lexes
o f  IQ -1  u i t h  b o th  Zn and Cu, as u e l l  as Fe, a re  a c t i v e  a g a in s t  S180
0
i n  v i v o . The same com p lexes  a l l  i n h i b i t  S180 RDR i n  v i t r o , th o u g h  th e  
Fe com p lex  i s  th e  m ost e f f e c t i v e .  A n t h o l i n e  e t  a l ^ 8^  have shoun t h a t  
th e  c o p p e r  com p lexes  o f  PT and S-CH^PT have i n  f a c t  g r e a t e r  t o x i c i t y  t o  
S180 c e l l s  i_n v i t r o  th a n  c o r re s p o n d in g  i r o n  o n e s .
S u b sequ en t u o r k ^ 308  ^ has shoun C u ( I l ) P T + and Z n ( l l ) P T + t o  have
13 5s t a b i l i t y  c o n s ta n t s  o f  2 * 0 x 1 0  and 4 * 0 x 1 0  r e s p e c t i v e l y ,  a t  pH 7*4
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( c f  6 * 3 x 1 0  f o r  F e ( l l ) P T 2 )» C u ( I l ) P T + c o u ld  t h e r e f o r e  e x i s t  i n  v i v o
as a c y t o t o x i c  s p e c ie s ,  u h i l e  Z n ( l l ) P T + u o u ld  be c o m p le te ly  d i s s o c i a t e d
i n  th e  p re s e n c e  o f  th e  c o m p e t in g  l i g a n d s  fo u n d  i n  th e  p la s m a . The i n
v i t r o  i n h i b i t i o n  o f  RDR by Z n ( I l ) l Q - 1 + a lm o s t  c e r t a i n l y  a r i s e s
v ia  F e ( l l ) ( I Q - 1 u h i c h  may form in  the assay mixture because o f  the
(2 9 1 )
e x c e p t i o n a l  a f f i n i t y  o f  th e  d i s s o c ia t e d  IQ —1 f o r  a v a i l a b l e  i r o n '  .
(291 )  +I t  i s  f u r t h e r  p o in t e d  o u t '  3 t h a t  C u ( l l ) l Q - 1  may u e l l  be re d u ce d  by
d i t h i o t h r e i t o l  t o  C u ( l ) lQ - 1  u h ic h  r e a c t s  u i t h  t h i o l  t o  y i e l d  C u ( l )S R
and f r e e  IQ - 1 .  The u h o le s a le  c o n v e r s io n  o f  C u ( I l ) P T + and Z n ( l l ) P T +
t o  F e ( l l ) P T 2  i n  th e  same assay  m ix tu r e  has i n  f a c t  been o b s e r v e d ^ ^ ^
t
by s p e c t r o s c o p ic  m e thods .
QSAR’ s i n  th e  th io s e m ic a rb a z o n e s .
Three  u o rk s  on th e  f o r m u l a t i o n  o f  QSAR’ s f o r  s e r i e s  o f  a n t i v i r a l
( 3 0 1 -3 )th io s e m ic a r b a z o n e s  have been p u b l i s h e d '  . A u o rk  by F ra n ke  e t
a l ^ 88^  on a s e r i e s  o f  f i f t e e n  s u b s t i t u t e d  i s a t i n - ^ B - i s o th io s e m ic a r b a z o n e s
*
has made use o f  th e  "Hansch a p p ro a c h " .  U s ing  t t ,  cf , Eg and p r o d u c t  p a i r s  
o f  th e s e ,  s i x  o r  seven in d e p e n d e n t  v a r i a b l e s  a re  r e q u i r e d  f o r  good 
c o r r e l a t i o n .  A F r e e - U i l s o n  a n a l y s i s  i s  a ls o  d e s c r ib e d  i n  th e  same u o r k ^ 88^
I n  a n o th e r  u o rk  on a s i m i l a r  s e r i e s  o f  compounds by F ranke  e t  a l ^ 3 ^ 2 ^ ,
th e  l a c k  o f  q u a n t i t a t i v e  a n t i v i r a l  a c t i v i t i e s  has n e c e s s i t a t e d  use o f
’’ d i s c r i m i n a n t  a n a l y s i s ” . R a n k in g s  o f  2 a re  g iv e n  to  a c t i v e  compounds and
1 t o  i n a c t i v e  o n e s .  These r a n k in g s  a re  th e n  c o r r e l a t e d  u i t h  c o m b in a t io n s
o f  in d e p e n d e n t  v a r i a b l e s  as i n  th e  p r e v io u s  s t u d y ^ 3^ * ^ .  A r e g r e s s io n
2 2o f  a n t i - v a c c i n i a  v i r u s  r a n k in g s  on t t ,  t t  , E and E i s  s i g n i f i c a n t  a t  
th e  2% l e v e l ^ 302 ) .
(303 )I n  a u o rk  by A n d re a n i  e t  a l  , a s e r i e s  o f  t u e n t y  one N - a l k y l  
s u b s t i t u t e d  2 - c h l o r o - 3 - f o r m y l t h i o s e m i c a r b a z o n e - i n d o l e s  has been s t u d i e d .
The a c t i v i t y  o f  t u e l v e  o f  th e s e  a g a in s t  v a c c i n i a  v i r u s  has a n e g a t i v e  
c o r r e l a t i o n  o f  u n s p e c i f i e d  m a g n itu d e  u i t h  th e  c h ro m a to g ra p h ic  p a ra m e te r ,
R^. T h is  i n d i c a t e s  th e  p o s s ib le  r e le v a n c e  o f  l i p o p h i l i c i t y  i n  th e  
a n t i v i r a l  a c t i v i t y .
O f g r e a t e r  i n t e r e s t  h e re  i s  t h e  u o rk  o f  C oa ts  e t  a l ^ 3* ^  on a 
s e r i e s  o f  seven r i n g - s u b s t i t u t e d  C u ( I l ) ( p h e n y l - g l y o x a l  b i s ( 4 - m e t h y l -  
3 - t h io s e m ic a r b a z o n e ) ) co m p le x e s .  The t o x i c i t i e s  o f  th e s e  t o  n o rm a l r a t  
l i v e r  c e l l s  and E r l i c h  a s c i t e s  c e l l s  a re  used as s e p a ra te  d e p e n d e n t  
v a r i a b l e s .  Bo th  th e s e  v a r i a b l e s  g iv e  th e  b e s t  s i n g l e  p a ra m e te r  r e g r e s s io n s  
uhen Eg i s  used as th e  in d e p e n d e n t  v a r i a b l e .  The E r l i c h  c e l l  t o x i c i t y  
c o r r e l a t e s  b e t t e r  u s in g  t t  and c f t o g e t h e r ,  b o th  v a r i a b l e s  h a v in g  n e g a t i v e  
c o e f f i c i e n t s .  U s ing  th e  d i f f e r e n c e  be tu e e n  th e  t u o  t o x i c i t i e s ,  ( t h i s  
b e in g  e f f e c t i v e l y  th e  t h e r a p e u t i c  in d e x )  as th e  de p e n d e n t  v a r i a b l e ,  a 
s i m i l a r  r e g r e s s io n  on t t  and O  i s  th e  m ost s i g n i f i c a n t .  To t e s t  th e  
p r e d i c t i v e  p o u e r  o f  th e s e  r e g r e s s io n s ,  an e ig h th  ( p - h y d r o x y )  d e r i v a t i v e  
has been s y n th e s is e d  and s c re e n e d ^ 3* ^ , Good ag reem en t b e tu e e n  
c a l c u l a t e d  and o b s e rv e d  t o x i c i t i e s  i s  o b ta in e d .  I n c l u s i o n  o f  t h e  e ig h t h  
p o i n t  i n t o  th e  r e g r e s s io n  g iv e s  s l i g h t l y  im p ro v e d  c o r r e l a t i o n s .
The o n ly  p u b l i s h e d  q u a n t i t a t i v e  s t r u c t u r e - a c t i v i t y  s tu d y  on th e
OC-formylthiosemicarbazone (N)-heterocycles is that of Tiriland^0^ .
Twenty n in e  PT d e r i v a t i v e s  a re  c o n s id e re d  i n  a F r e e - U i l s o n  a n a l y s i s ,
m ak ing  use o f  t h e  i n  v i t r o  RDR i n h i b i t i v e  p o te n c ie s  g iv e n  by F re n ch  e t
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a l  . C o n s id e r in g  t h a t  tw e n ty  f i v e  in d e p e n d e n t  v a r i a b l e s  a re  used , 
i t  i s  h a r d l y  s u r p r i s i n g  t h a t  a good c o r r e l a t i o n  (0 *9 9 9 )  i s  o b t a in e d .
I t  i s  s a id  t h a t  th e  r e s u l t s  i n d i c a t e  t h a t  s u b s t i t u e n t s  w i t h  p o s i t i v e  
TT-va lues and n e g a t iv e  c f -v a lu e s  a re  f a v o u r e d .  S in c e  no a t t e m p t  a t  e x p l i c i t  
i n c l u s i o n  o f  th e s e  v a r i a b l e s  i n  th e  r e g r e s s io n s  i s  made, th e s e  c o n c lu s io n s  
a re  n o t  c o n v in c in g .
The absence o f  any l i n e a r  f r e e  e n e rg y  r e l a t e d  QSAR’ s f ro m  th e
l i t e r a t u r e  i s  c l e a r l y  a gap to  be f i l l e d ,  F r e e - U i l s o n  a n a ly s e s  may be
u s e f u l  f o r  p r e d i c t i v e  p u rp o s e s ,  b u t  t h e y  do n o t  g iv e  th e  i n s i g h t  w h ich
may be p r o v id e d  by LFER’ s .  C o n s id e r in g  th e  v e r y  i n t e r e s t i n g  s p e c u la t i o n s
on th e  mode o f  a n t i t u m o u r  a c t i v i t y  o f  t h e  t f - f o r m y l t h io s e m ic a r b a z o n e  ( N ) -
h e t e r o c y c le s ,  and th e  l a r g e  amount o f  j ln  v i t r o  and i_n v i v o  d a ta  a v a i l a b l e  
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t o  work upon , th e s e  compounds a re  an o b v io u s  c h o ic e  f o r  a p p l i c a t i o n  
o f  th e  ’’NOREG”  package ( c h a p te r  tw o) to  o b t a i n  LFER’ s ,
S t r a t e g y  o f  t h e  p r e s e n t  s t u d i e s .
I t  i s  made c l e a r  i n  c h a p te r  one t h a t  th e  o b se rve d  re s p o n s e  o f  an
o rg a n is m  t o  a d ru g  i s  d e p e n d e n t  on th e  a b s o r p t i o n ,  d i s t r i b u t i o n ,
m e ta b o l is m  and e x c r e t i o n  c h a r a c t e r i s t i c s  o f  th e  d ru g  i n  t h a t  o rg a n is m .
Any p h y s i c a l  i n t e r p r e t a t i o n  o f  a r e g r e s s io n  o f  d ru g  a c t i v i t y  on c a l c u l a t e d
m o le c u la r  p r o p e r t i e s  i n  te rm s  o f  d r u g - r e c e p t o r  i n t e r a c t i o n  a lo n e  i s
t h e r e f o r e  i n h e r e n t l y  s p e c u l a t i v e .  I n  v ie w  o f  th e  q u e s t io n  m arks h a n g in g
o v e r  th e  mechanism o f  RdR i n h i b i t i o n  by th e  < X - fo rm y l th io s e m ic a rb a z o n e
( 9 78 ^
(i’j ) - h e t e r o c y c l e s ,  i t  was d e c id e d  to  use th e  RDR i n h i b i t o r y  p o te n c y  
as th e  dep e n d e n t  v a r i a b l e  i n  th e  p r e s e n t  s t u d i e s .  F u r t h e r  e l u c i d a t i o n  
o f  th e  i n h i b i t o r y  mechanism has been th e  p r im a r y  a im  o f  th e s e  s t u d i e s .
I n  v i e u  o f  t h e  s u b s t a n t i a l  deg ree  o f  c o r r e l a t i o n  b e tu e e n  RDR i n h i b i t o r y  
p o te n c y  and i n  v i v o  a n t i t u m o u r  a c t i v i t y ,  o b t a i n i n g  r e g r e s s io n s  u i t h  
p o u e r  t o  p r e d i c t  p o t e n t i a l  a n t i t u m o u r  a c t i v i t y  has been a c o m p a t ib le  
s e c o n d a ry  a im .
T a k in g  PT as an exam p le ,  t h e r e  a re  f i v e  c l e a r  c h o ic e s  o f  s p e c ie s  
upon u h ic h  c a l c u l a t i o n s  m ig h t  be p e r fo rm e d :
(1 )  n e u t r a l  PT as th e  E is o m e r  ( f i g u r e  ( 4 . 1 a ) ) .
(2 )  n e u t r a l  PT as th e  Z is o m e r  ( f i g u r e  ( 4 . 1 b ) ) .
(3 )  th e  l i g a n d  a n io n ,  PT^- ^ ,  fo rm ed  by re m o v in g  a p r o to n  f ro m  N •
(4 )  th e  com p lex  F e ( l l ) P T 2 *
(5 )  th e  com p lex  ( F e ( l l ) P T ) + o r  i t s  t r i h y d r a t e d  d e r i v a t i v e .
S p e c ie s  (4 )  and (5 )  may n o t  be c a l c u l a t e d  by MOREG because o f  t h e  p re s e n c e  
o f  Fe . Of th e  r e m a in in g  s p e c ie s ,  (3 )  has been th e  most a t t r a c t i v e  t o  th e  
a u t h o r ,  u i t h  t h e  em ploym ent o f  th e  same c o n fo r m a t io n  f o r  th e  f o r m y l -  
th io s e m ic a rb a z o n e  c h a in  as shoun i n  f i g u r e  ( 4 . 2 )  f o r  IQ—1  ^ \  The HO 
c a l c u l a t i o n  o f  t h i s  s p e c ie s  has th e  f o l l o u i n g  a d v a n ta g e s :
(a )  I t  f a c i l i t a t e s  a p p ro x im a te  c a l c u l a t i o n  o f  th e  e n e rg y  o f  b i n d in g  
t o  t h e  m e ta l  i o n  i . e .  th e  " c h e l a t i n g  p o t e n t i a l "  o f  PT.
(b )  I t  s h o u ld  p r o v id e  a c l o s e r  d e s c r i p t i o n  o f  th e  e l e c t r o n i c  s t r u c t u r e  
o f  th e  l i g a n d  p o r t i o n s  o f  th e  com p lexes (4 )  and (5 )  th a n  i s  p r o v id e d  by 
th e  c a l c u l a t i o n  o f  s p e c ie s  ( 1 ) *  T h is  i s  d e s p i t e  th e  e x p e c te d  d o n a t io n  
o f  e l e c t r o n i c  c h a rg e  by th e  l i g a n d  t o  th e  m e ta l  i o n  i n  th e  c o m p le x e s .
M ethod.
I n  r e f e r e n c e  ( 2 7 8 ) ,  RDR i n h i b i t o r y  p o te n c ie s  a re  p r e s e n te d  f o r  PT
and f o r t y  seven  o f  i t s  d e r i v a t i v e s  and f o r  IQ -1  and f i f t e e n  o f  i t s  
d e r i v a t i v e s ,  as u e l l  as f o r  o t h e r  0 C - fo rm y l th io s e m ic a rb a z o n e  ( N ) -  
h e t e r o c y c le s .  To a v o id  th e  need t o  c o n s id e r  s t e r i c  i n t e r f e r e n c e  i n  
c h e l a t i o n ,  o n l y  r i n g - s u b s t i t u t e d  d e r i v a t i v e s  o f  PT and IQ -1  a re  i n c lu d e d  
i n  t h e  p r e s e n t  s t u d y .  F u r th e r m o r e ,  f o r  ease o f  d e t e r m in a t i o n  o f  
s u b s t i t u e n t  c o n fo r m a t io n ,  th e  s i z e  o f  any s i n g l e  r i n g - s u b s t i t u e n t  i s  
l i m i t e d  t o  t e n  a tom s . The RDR i n h i b i t o r y  p o te n c ie s  o f  c e r t a i n  
d e r i v a t i v e s  a re  g iv e n  as i n e q u a l i t i e s  i n  r e f e r e n c e  ( 2 7 8 ) ,  w h i l e  o t h e r s  
a re  f o l l o w e d  by th e  a b b r e v i a t i o n  " e s t d " .  Such d e r i v a t i v e s  a re  e x c lu d e d  
f ro m  t h i s  s t u d y .  The tw e n ty  one PT d e r i v a t i v e s  shown i n  t a b l e  ( 4 . 1 )  
and th e  f o u r t e e n  IQ -1 ' d e r i v a t i v e s  shown i n  t a b l e  ( 4 . 2 ) ,  i n  a d d i t i o n  t o  
each p a r e n t  m o le c u le ,  a re  th o s e  w h ich  s u r v i v e  th e  v a r io u s  r e s t r i c t i o n s  
m e n t io n e d  above .
The g e om e try  em ployed f o r  th e  p a r e n t  s p e c ie s  IQ -1 ^   ^ i s  t h a t
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o b s e rv e d  f o r  t h e  l i g a n d s  i n  th e  com plex  N i ( l l ) ( IQ —1 ) ^  (se e  f i g u r e
4 . 2 ) ) .  The g e o m e try  o f  P T ^  i s  c o n c o c te d  f ro m  two X - r a y  s t u d i e s .
The p y r i d i n e  r i n g  geo m e try  i s  t h a t  o b s e r v e d ^ ^ ^  i n  th e  5 -h y d ro x y -P T  
s e s q u ih y d r a te  c r y s t a l  (Z i s o m e r ) ,  w h i l e  th e  f o r m y l th io s e m ic a r b a z o n e  
c h a in  i s  g iv e n  th e  same geo m e try  and c o n fo r m a t io n  w i t h  r e s p e c t  t o  t h i s  
r i n g  as o b s e rv e d  f o r  IQ -1 ^   ^ i n  l \ l i ( I Q—1 ) •
S ta n d a rd  bond p a ra m e te rs  have been used t o  g e n e ra te
s u b s t i t u e n t  g e o m e t r ie s .  The c o n fo r m a t io n  o f  each s u b s t i t u e n t  c o n t a i n i n g
more th a n  f i v e  a tom s , w i t h  r e s p e c t  t o  a r i g i d  m o le c u la r  f ra m e  o f  th e
t  .p a r e n t ,  has been s u b s e q u e n t ly  o p t im is e d  u s in g  GEOMIN • L i m i t a t i o n s  on
^Owing t o  th e  i n a b i l i t y  o f  th e  GEOHIN p rog ram  to  h a n d le  second row  a tom s , 
i t  has been n e c e s s a ry  i n  th e s e  d e t e r m in a t io n s  to  r e p la c e  th e  S o f  th e  
th io s e m ic a r b a z o n e  group by 0 , u s in g  a C=0 bond l e n g t h  o f  1 *23  A. I n  v ie w  
o f  th e  l a r g e  d is p la c e m e n t  o f  S fro m  th e  r i n g  a tom s, i t s  r e p la c e m e n t  by 0 
s h o u ld  n o t  a f f e c t  th e  s u b s t i t u e n t  c o n fo r m a t io n s  d r a s t i c a l l y .
the amount o f  computer time a v a i la b le  fo r  th is  procedure made i t
necessary to r e la x  the g ra d ien t  c r i t e r i o n  used to check whether or not
a minimum p o in t  has been found. Normally i t  is  necessary fo r  the
d e r iv a t iv e s  o f  energy w ith respec t to p o s it io n  f o r  each n o n -s ta t io n a ry
-3atom to be a l l  less  than 10 Hartrees /Bohr rad ius  in  magnitude. This
-3f a i r l y  a r b i t r a r y  c r i t e r i o n  uas increased to 5 x 1 0  H artrees /B ohr rad ius  
fo r  the purpose o f  these d e te rm ina tions .
Although is o q u in o lin e  d i f f e r s  from p y r id in e  only  by the a d d it io n  
o f  a benzo nucleus, th is  a d d it io n  produces an apprec iab le  change in  the  
geometry o f  the n itro g e n -c o n ta in in g  r in g .  In  a HOREG c a lc u la t io n  on a 
s er ie s  o f  d e r iv a t iv e s  o f a parent molecule, each corresponding to a 
d i f f e r e n t  a d d it io n  to a common s t r u c tu r a l  framework, the atomic and d iatom ic  
p ro p e r t ie s  o f  on ly  the common atoms are included in  the regress ion  s tu d ie s .  
In  the present MOREG system i t  is  necessary th a t  the common atoms have 
p re c is e ly  the same coordinates in  every d e r iv a t iv e .  Grouping the PT 
d e r iv a t iv e s  and IQ-1 d e r iv a t iv e s  in to  a s in g le  s e r ie s  would thus a llow  
only  the atoms o f  the formylthiosemicarbazone chain to be t re a te d  as 
common. However, the p ro p e r t ie s  o f  atoms in  the aromatic p o r t io n  o f  each 
type o f  molecule may be im portant in  drug a c t i v i t y .  For th is  reason the  
PT and IQ-1 d e r iv a t iv e s  have been run as separate s e r ie s ,  w ith  the hope 
th a t  s im i l a r i t y  in  the good regressions obtained from each c a lc u la t io n  
would perm it the f i n a l  r e u n i f ic a t io n  o f  the data in to  regress ions spanning 
both s e r ie s .
Receptor p o in ts .
2
An immediate choice o f p o s it io n  fo r  the e v a lu a t io n  o f V, V , E j  
e tc .  in  both s e r ie s  is  t h a t  expected fo r  the metal ion  in  the corresponding  
complex. This p o in t ,  which is  marked in  f ig u re  ( 4 . 6 ) ,  i s  given the  
same p o s it io n  w ith  respect to the l ig an d  as i s  taken by Ni in  the complex
( 776 1
N i( 11) ( IQ —^ ) 2  • Seventeen o ther po in ts  in  the environment o f  PT
and i t s  d e r iv a t iv e s  are considered, each being placed a t  a d is tance o f
1 R from a p a r t ic u la r  atomic c e n tre ,  Q. Those marked * + ’ in  f ig u re  (4 .6 )
l i e  in  the plane o f  the molecule, each on a l in e  b is e c t in g  the bond 
angle PQR, where P and R are the two atoms d i r e c t l y  bonded to Q. Those 
marked * 0 ’ , fo r  which Q = S , l i e  in  the plane o f  the molecule on l in e s  
passing through S and forming angles o f  9 0 ° ,  180* and 2 70 ° ,  r e s p e c t iv e ly ,  
with  the S5 ' -C v  bond. Those marked 1 x 1 l i e  on l in e s  p erp en d icu lar  to
the plane o f the molecule which pass through the appropria te  atomic
centre  Q.
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f ig u re  ( 4 .6 )  PT  ^ showing chosen recep tor  p o in ts .
Experience in d ic a te s  th a t  the c a lc u la t io n  o f  E , ,  fo r  eachpol
recep to r p o in t  o f  a given molecule, is  l i k e l y  to re q u ire  a g re a t  deal  
of c e n tra l  processor tim e, because o f the s ix  nested summations (eq u atio n  
( 2 . 5 4 ) ) .  The fa c to r  decid ing the time requ ired  by F10REG to  process a 
la rg e  molecule i s ,  fo r  th is  reason, the number o f recep tor p o in ts ,  ra th e r
than the number o f  i t e r a t i v e  cycles requ ired  to  ob ta in  a s e l f -c o n s is te n t  
wavefunction. Because o f  the l im ite d  budget a v a i la b le  a t  the time fo r  
completion o f  uork on the thiosemicarbazones, only th ree  rece p to r points  
have been considered fo r  the IQ-1 s e r ie s .  As u e l l  as the metal ion  
p o s i t io n ,  p o in ts  have been chosen on l in e s  perpend icu lar to the is o ­
q u in o lin e  r in g ,  passing through C3  and r e s p e c t iv e ly .  The choice o f  
these two p o in ts ,  1 from C3 and Ci*. r e s p e c t iv e ly ,  has been in s p ire d  
by a p re l im in a ry  c a lc u la t io n ,  on h a l f  the compounds in  the s e r ie s ,
suggesting the re levance o f  Q__ and Q_. to drug a c t i v i t y .
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Results and Discussion.
Regressions obtained fo r  the PT s e r ie s .
A l l  v a r ia b le s  re le v a n t  to the regressions presented here are
given in  ta b le  4 .1 .  In  the d e s c r ip t io n  o f  r e s u l ts  fo r  the phenyl t r ia z e n e s
\
(chapter 3 ) ,  i n t e r e s t  is  mainly confined to regressions u i th  s ig n if ic a n c e  
of a t  le a s t  99*9%, However, i t  i s  e a s ie r  to compare the fe a tu re s  
determ ining drug a c t i v i t y  in  the PT and IQ-1 ser ies  a t  the le v e l  o f  the  
simple reg ress io n s , even though the best o f  these may e x h ib i t  m arginal  
c o r r e la t io n .  The best four s in g le  v a r ia b le  regressions fo r  the PT s e r ie s  
are ( 4 .1 )  to ( 4 . 4 ) :
(4 .1 )  pC = 1 * 4 3  ( lo *5 O )0 £  + 0*152 ( io *0 5 2 )
and r  = 0*536; s = 0*463; F (1 ,2 0 )  = 8 *08 .
(4 .2 )  pC = 7*3 (± 2*7 )  Qni + 5*83 (£ o * 1 0 )LH-
and r  = 0*523; s = 0*467; F (1 ,2 0 )  = 7*51 .
( 4 . 3 ) pC = 2 * 2 6  C-0-87) f^  + 5*28 (io-25) 
and r  = 0*504; s = 0*474; F (1 ,2 0 )  = 6 *80 .
( 4 .4 )  pC = -  1-61 ( io - 6 2 )  EN, _ cfe -  54 (±23)
and r  = 0*503; s = 0*474; F (1 ,2 0 )  = 6 *78 .
The best fo u r  tu o -v a r ia b le  regressions are (4 .5 )  to ( 4 .8 )  belou:
( 4 .5 )  pC = 5 -7  (± 1 -1 )  Eb ind (N1) + 0-347 (±0-067) EgIND(C6 ) + 444 (±83)  
and r  = 0*781; s = 0*351; F (2 ,1 9 )  = 14*9 .
(4 .6 )  pC = -  36*6 ( i e - 0 )  QNt + 0*210 (10*053) EBIIN!D(C€>) + 20*0 (14 *4 )
and r  = 0*740; s = 0*378; F (2 ,1 9 )  = 11*5 .
( 4 . 7 ) pC = 2*65 ( lo * 7 2 )  f £ g -  0-92 (tO-28) f£  + 5 * 4 5  (1o*21)
and r  = 0*724; s = 0*388; F (2 ,1 9 )  = 10*5 .
( 4 . 8 ) pC = 1 * 9 3  ( lo * 4 9 )  E (P1 2 ) -  8*7 (12*6.) Ez (P18) + 4*63 ( lo * 4 4 )  
and. r  = 0*714; s = 0*394; F (2 ,1 9 )  = 9 *87 .
The c a r te s ia n  axes to uhich the e le c t r i c  f i e l d  vector i s  r e fe r r e d ,  are  
in d ic a te d  in  f ig u r e  ( 4 . 6 ) .
None o f  the regressions obtained fo r  pC on a l l  o f  the p ro p e r t ie s
c a lc u la te d  a t  each recep to r p o in t  are s ig n i f ic a n t  a t  even the 10% l e v e l .
The g re a te s t  in t e r e s t  is  focused here on the p ro p e r t ie s  o f  the metal ion
s i t e ,  P1• S ince, f o r  the doubly l ig a te d  complex, the d e r iv a t iv e  o f  energy
u i th  respect to the p o s it io n  o f  the metal ion  must be zero a t  the metal
ion  e q u i l ib r iu m  p o in t ,  i t  i s  sens ib le  to exclude the e le c t r i c  f i e l d
components a t  t h is  p o in t  from the reg ress io n s . Presented belou are
2regressions o f  pC on V, \J and E , both s ep a ra te ly  and combined;
pol
( 4 .9 )  pC = -  0*4-5 ( l o * 8 0  V + 2.3(17-3)
and r  = 0*108; s = 0 * 5 4 5 ;  F (1 ,2 0 )  = 0 *236 .
( 4 .1 0 )  pC = 0*02.8 ( - 0 *  058) \!2 -4-07(1.51)  
and r  =0*110; s = 0*54-5; F (1 ,2 0 )  = 0*2A-*i-.
(4 .1 1 )  pC = 3 - 4  (±<?*6 ) Epol + S.ftig.?.) 
and r  = 0*078; s = 0;546; F (1 ,2 0 )  = 0*122.
(4 .1 2 )  PC = I 0 6 ( ± I I 2 )  V + 6 * 7  ( i ? - 0 )  m2 *  5 - 0  ( ± ! M )  Z + 431
and r  = 0*244; s = 0*560; F (3 ,1 8 )  = 0*380.
Regressions ( 4 .1 )  to (4 .1 2 )  above revea l a d isap p o in tin g  lack  o f  
c o r r e la t io n  fo r  the P.T s e r ie s .  The only regressions s ig n i f i c a n t  a t  the  
0*1/£ le v e l  are ( 4 .5 )  to (4 .7 )  above. I t  is  d i f f i c u l t  to give p hys ica l  
j u s t i f i c a t i o n  to the EDTMr. terms appearing in  (4 .5 )  and ( 4 . 6 ) ,  s ince i t
□1 i\!D
i s  almost c e r ta in  th a t  RDR in h ib i t io n  does not in vo lve  any sc iss io n  o f  
the p y r id in e  r in g .  Regression ( 4 . 7 ) ,  however, forms an in t e r e s t in g  
sequel to ( 4 . 3 ) ,  in d ic a t in g  the importance o f  charge t r a n s fe r  in  the  
in te ra c t io n s  o f  e i t h e r  the is o la te d  l ig an d  or the metal complex.
Regressions ( 4 .9 )  to ( 4 .1 2 ) ,  u i th  t h e i r  n e g l ig ib le  c o r r e la t io n s ,  
give no credence to the hypothesis th a t  energy o f b inding to the t r a n s i t io n  
metal ion is  c r i t i c a l  to drug a c t i v i t y  fo r  the molecules in  t h is  s e r ie s .
Regressions obtained fo r  the IQ-1 s e r ie s .
The values o f a l l  v a r ia b le s  re le v a n t  to the regressions presented  
here are given in  ta b le  4 .2 .  Denoted b y 'P 3 ! and 'P4 ’ are the re ce p to r  
poin ts  above atoms C3 and C4 re s p e c t iv e ly .  The best four s in g le -v a r ia b le  
regressions fo r  the IQ-1 se r ie s  are (4 .1 3 )  to (4 .1 6 ) :
(4 .1 3 )  pC = 11*3 (^2*2 ) Ep o l (P4) + 49*6 (± 8 * 6 ) 
and r  = 0*815; s = 0*397; F (1 ,13 )  = 25*8 .
( 4 .1 4 )  pC = -  2*38 (10*64 ) Ez (P4) + 19-0 (^3 *5 )
and r  = 0*715; s = 0*479; F (1 ,1 3 )  = 1 3 * 6 .
(4 .1 5 )  pC = 3*2 (± 1 *1 )  f j l ,  + 4*66 ( to *4 9 )
and r  = 0*525; s = 0*535; F (1 ,1 3 )  = 8 *35 .
(4 .1 6 )  pC = -  1*29 ( -0 * 4 6 )  V(P4) + 7*19 ( to *4 4 )
and r  = 0*616; s = 0*540; F (1 ,1 3 )  = 7 *96 .
uhere HO' is  one o f  the tuo hydrogen atoms attached to l\JG; ; the one 
c is  u i th  respec t to S5' (see f ig u re  ( 4 . 2 ) ) ,  to be p re c is e .
The best fo u r tu o -v a r ia b le  regressions fo r  the IQ-1 se r ie s  are  
given belou:
(4 .1 7 )  pC = 6*08 (10 -8 9 )  Er , r , + 5*86 ( lb -8 2 )  E (P3) + 193 ( -2 8 )Lo — Lt y
and r  = 0*909; s = 0*298; F (2 ,1 2 )  = 28*4 .
(4 .1 8 )  pC = 30*4 ( - 4 * 4 )  QC3 + 6*42 (±0*94) E ^ _ D0 + 223 (±32)
and r  = 0*905; s = 0*304; F (2 ,1 2 )  = 27*0 .
(4 .1 9 )  pC = 0*0138 ( i o * 047) BE + 11*4 (± 1 *8 )  EpQ l(P4) + 55*1 (± 7 *0 )
and r  = 0 * 8 9 8 ;  s = 0*314; F (2 ,1 2 )  = 25*0 .
X
(4 .2 0 )  pC = -  0*0243 (^0*0094) MV + 10*1 ( l l  *9 ) Ep0j,(P^) + 52*2 (± 7 *2 )
and r  = 0*886; s = 0*331; F (2 ,1 2 )  = 21*9 .
U n fo r tu n a te ly ,  the molecular frame (x ,  y, z ) ,  to uhich the e l e c t r i c
f i e l d  above the r in g  atoms is  re fe r r e d ,  does not correspond u i th  the
frame o f re fe ren ce  ( x f , y ’ , z ' )  based on r in g  atoms C3, C4 and CIO :
C o n v e rs io n  b e tu e e n  th e  tu o  f ra m e s  i s  e f f e c t e d  u s in g  a s im p le  r o t a t i o n a l  
te n s o rs
X 1 0*44252 -  0*58603 -  0*67878
y ’ = - 0*01949 0*75046 -  0*66062
z» 0*89655 0*30557 0*32067
The m u lt ip le  regressions o f pC on a l l  the p ro p e r t ie s  associated
u i th  each rece p to r p o in t  are not as s ig n i f ic a n t  as the best tu o -v a r ia b le
regress ions, (4 .1 7 )  to ( 4 . 2 0 ) .  Houever, these p ro p e r t ie s  give more
encouraging c o r re la t io n s  than those obtained using the corresponding
2p ro p e rt ie s  fo r  the PT s e r ie s .  For example, the p ro p e r t ie s  V, V and
Epoi associated u i th  the metal ion s i t e  give n e g l ig ib le  c o r re la t io n s
alone, but a s u b s ta n t ia l  c o r r e la t io n  uhen taken to g e th e r .
(4 .2 1 )  pC = 0*024 ( i o * 022) V + 6*2 (± 1*8 )
and r  = 0*0311; s = 0*685; F ( l ,13 )  = 0*0126.
(4 .2 2 )  pC = ( - 2  ( i l l ) )  1 0 -3  V2 + 6*13 ( l o * 5 8 )  
and r  = 0*0407; s = 0*685; F (1 ,1 3 )  = 0*0220.
(4 .2 3 )  pC = 0*08 (to*22) EpQl + 6 * 1 1  (±0*31)  
and r  = 0*0950; s = 0*682; F (1 ,1 3 )  = 0*118.
(4 .2 4 )  pC = 399 C-111) V + 25*5 (1 6 *9 ) V2 + 90 (123) Epol + 1654 (1402)
and r  = 0*842; s = 0*402; F (3 ,1 1 )  = 8 *94 .
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Despite  the s u b s ta n t ia l  c o r r e la t io n  o f regress ion  ( 4 . 2 4 ) ,  i t  
cannot be in te r p r e te d  on the simple basis o f enhanced metal binding  
g iv ing  enhanced drug a c t i v i t y .  Such an in t e r p r e t a t io n  would re q u ire  the  
c o e f f ic ie n ts  associated u i th  11 and EpQ  ^ both to be n e g a t ive . I t  might 
be argued, however, th a t  a simple re la t io n s h ip  cannot be expected in  a 
ser ies  uhich co n ta in s , as u e l l  as fourteen  compounds fo r  uhich N2. has 
a sigma lone p a i r ,  a compound (number tuo o f  ta b le  4 .2 )  fo r  uhich the  
donor p ro p e r t ie s  o f  N2 are im paired by the a d d it io n  o f  oxygen.
Leaving th is  compound out o f  the s e r ie s ,  regressions (4 .2 1 )  to (4 .2 4 )  
are obta ined .
(4 .2 5 )  pC = -  4*3  ( l l * B )  V -  28*2 ( l l 3 * 9 )  
and r  = 0*580; s = 0*578; F ( l ,12 ) = 6 *08 .
(4 .2 6 )  pC = 0*27 (1 o*11) V2 -  11*2 (14*9 )
and r  = 0*581; s = 0*578; F ( l ,1 2 )  = 6 *11 .
(4 .2 7 )  pC = 129 (135) Epol + 126 (132)
and r  = 0*730; s = 0*485; F (1 ,1 2 )  = 13*7 .
(4 .2 8 )  pC = 323 ( l l 89) V + 21 ( l l 2 )  V/2 + 101 (135) E + 1364 (1382)
and r  = 0*845; s = 0*416; F (3 ,1 0 )  = 8 *32 .
The simple regress ions (4 .2 5 )  to (4 .2 7 )  show s u b s t a n t ia l ly  more
c o r r e la t io n  than t h e i r  counterparts  (4 .2 1 )  to ( 4 . 2 3 ) .  However,
regress ion  ( 4 . 2 7 ) ,  the on ly  one o f the three  s ig n i f ic a n t  a t  the  
0*5^ l e v e l ,  cannot be given a simple physica l in t e r p r e t a t io n  because o f  
i t s  p o s i t iv e  s lope. Regression (4 .2 8 )  is  much the same as i t s  co u n te rp art
( 4 .2 4 ) ,  and as such is  d is a p p o in t in g . Although the p ro p e r t ie s  c a lc u la te d  
a t  the metal ion  s i t e  seem to have some bearing on RDR in h i b i t i o n  fo r  the
IQ-1 s e r ie s ,  there  is  no d i r e c t  physica l in t e r p r e t a t io n .
Using the reduced data  base o f  fourteen  compounds, the best simple  
regress ion  i s  almost id e n t ic a l  to ( 4 . 1 3 ) .  The best tu o -v a r ia b le  regression
( 4 . 2 9 ) ,  i s  s im i la r  to  ( 4 . 1 0 ) ,  although the EpQ  ^ value o f the p o in t  above 
C3 takes the place o f  Q - ,LO
(4 .2 9 )  pC = 12*1 ( l l * 7 )  Ep o l (P3) + 4 .30  ( lo * 7 4 )  En _c ,0 + 201 (^28) 
and r  = 0*925; s = 0*282; F (2 ,1 1 )  = 32*5 .
and the c o r r e la t io n  is  improved. Given the physica l s im i l a r i t y  betueen 
Epo^(P3) and 0 ^ ,  both being second order s t a b i l i z a t i o n  energies  
observed uhen the environment o f  C3 is  probed, i t  is  not s u rp r is in g  
th a t  may rep lace  EpQ^ (P3) in  (4 .2 9 )  u i th  l i t t l e  loss o f  c o r r e la t io n :
(4 .3 0 )  pC = 956 (1147)Q<: + 5 * 6 0 ' ( l o * 8 9 )  E ^ ^  + 320 (±43)
and r  = 0*912; s = 0*305; F (2 ,1 1 )  = 27*1 .
Regressions ( 4 . 1 7 ) ,  ( 4 . 1 8 ) ,  (4 .2 9 )  and (4 .3 0 )  a l l  have c o r r e la t io n
c o e f f ic ie n ts  g re a te r  than 0 *9 ,  and as such may be usefu l fo r  p r e d ic t iv e
purposes. Regressions (4 .1 8 )  and (4 .3 0 )  have the advantage in  th is
re sp e c t,  because o f  the ease o f  c a lc u la t in g  the ap p ro p ria te  simple in d ic e s .
A l l  fo u r regress ion  contain  the v a r ia b le  E ^  ^  u i th  p o s i t iv e  c o e f f ic ie n ts
I t  is  most u n l ik e ly  th a t  sc iss ion  o f  th is  bond is  necessary in  RDR
i n h i b i t i o n .  Furthermore, the v a r ia b le s  and occuring in
(4 .2 9 )  and (4 .3 0 )  have p o s i t iv e  c o e f f ic ie n ts ,  im plying th a t  the less
e a s i ly  p o la r iz e d  is  th is  region o f  the molecule, the g re a te r  the  drug
a c t i v i t y .  The l ik e l ih o o d  th a t  E , E , (P3) and OC are not causalUf-Cl0 pol C3
q u a n t i t ie s  d e tra c ts  from the usefulness o f  the four regressions in  
understanding the drug a c t io n .  '
Common r e la t io n s h ip s  in  the  tu o  s e r ie s .
Although some h ig h ly  s ig n i f ic a n t  regressions are presented above 
fo r  the IQ-1 s e r ie s ,  i t  i s  conspicuous th a t  the p e r ta in in g  independent 
v a r ia b le s  do not correspond to those uhich occur in  the best regress ions  
fo r  the PT s e r ie s .  Corresponding to p o s it io n s  1, 4, 5 and 6 o f  the  
p y r id in e  r in g  are p o s it io n s  2, 10, 4 and 3, re s p e c t iv e ly ,  o f  is o q u in o l in e .
Corresponding to regressions (4 .1 )  to (4 .4 )  fo r  the PT s e r ie s ,  ue th e re ­
fo re  have:
(4 .3 1 )  pC = 20 ( i 5 5 ) o ; N2 + 8-1 (±5*8 )  
and r  = 0*102; s = 0*681; F (1 ,1 3 )  = 0*135.
(4 .3 2 )  pC = -  4*2 ( - 7 * 6 )  Q + 6*24 ( lo * 4 3 )  
and r  = 0*152; s = 0*677; F (1 ,1 3 )  = 0 *307 .
(4 .3 3 )  pC = 4*9 (1 3 *0 )  f ^  + 5*07 (± 0 *5 3 ) '  
and r  = 0*417; s = 0*623; F ( l ,1 3 )  = 2 *73 .
(4 .3 4 )  pC = -  0*18 (±0*45) E ^ ^  -  0*15 (±15*61)  
and r  = 0*109; s = 0*681; F (1 ,13 )  = 0 *156 .
f o r  the complete IQ-1 s e r ie s .  For the IQ-1 s e r ie s  excluding compound
number tuo ue have:
(4 .3 5 )  pC = 481 (1882) 0 ^  + 56 (±91) 
and r  = 0*155; s = 0*701; F ( l ,1 2 )  = 0*297.
(4 .3 6 )  pC = -  5*3 (± 8 *2 )  Q + 6*32 (±0*48)  
and r  = 0*184; s = 0*698; F (1 ,1 2 )  = 0 *4 1 9 .
(4 .3 7 )  pC = 6*51 ( i3 « 2 2 )  + 4*81 (±0*62)
Uy
and r  = 0*504; s = 0*613; F (1 ,1 2 )  = 4 *09 .
(4 .3 8 )  pC = -  0 -64  ( - 2 * 0 7 )  -  16 (±73)
an d .r  = 0 * 0 8 8 ;  s = 0*707; P (1 ,1 2 )  = 0 *094.
I t  i s  c le a r  th a t  there  is  no c o r r e la t io n  o f  pC u i th  e i t h e r  
or Q , uhich ever data base is  used. Houever, there  is  a h in t  o f  
covariance in  the regressions o f  pC on fj? . Regression (4 .3 7 )  is  even 
s ig n i f ic a n t  a t  the 10% l e v e l .  In  the discussion uhich fo l lo u s ,  the r in g  
carbon atom uhich is  separated by tuo bonds from the r in g  n itro g en  and 
by th ree  bonds from the p o s it io n  o f the formyl thiosemicarbazone  
attachment ( i . e .  C5 fo r  PT and fo r  IQ -1 )  i s  re fe rre d  to as nC*f*.
I t  is  encouraging th a t  the slopes o f  (4 .3 )  and (4 .3 7 )  are both 
p o s i t iv e .  Houever, the slope o f  (4 .3 7 )  i s  the g rea te r  by a fa c to r  o f  
2 *9 .  The reason fo r  th is  is  c le a r  from comparison o f  data  in  ta b le  (4 .1
4.1 u i th  th a t  in  ta b le  4 .2 .  U h ile  both se r ie s  have a s im i la r  range o f
(\!drug a c t i v i t i e s ,  the f  values fo r  the PT ser ies  a re ,  as a uhole,
f\!s u b s ta n t ia l ly  l a r g e r  than the f  values fo r  the IQ-1 s e r ie s .  Consequently,L*f-
the f^  value o f  C* does not provide a s a t is fa c to r y  exp lanation  o f  the  
v a r ia t io n  in  pC over the combined ser ies  o f  tuen ty  tuo p y r id in e  and 
fourteen  is o q u in o lin e  formyl thiosemicarbazones.
In  chapter tuo , re se rv a t io n s  are expressed regard ing the use o f  
f r o n t i e r  o r b i t a l  d e n s it ie s  to compare s ite s  in  d i f f e r e n t  molecules.
Given th a t  the molecule IQ-1 is  s u b s ta n t ia l ly  la r g e r  than PT, the LEMO 
in  IQ-1 and i t s  d e r iv a t iv e s  must be more t h in ly  spread than in  PT and 
i t s  d e r iv a t iv e s .  This does not mean th a t  lou energy vacancies fo r  e le c tro n s  
are more t h in ly  spread in  IQ—1 as compared u i th  PT, since IQ-1 has more
empty MO’ s u i th  lou  e ig enva lues . This i s  i l l u s t r a t e d  in  f ig u re  (4 .7 )  
belou fo r  the energy range 0 to 10 e\l•
PT IQ-1
9*59 9-51
7*84
7* 37 
6*91
6*61
5-29
Figure ( 4 .7 )  V i r t u a l  o r b i t a l  eigenvalues in  range 0 to 10 eV 
fo r  PT and IQ -1 •
To make a tru e  comparison o f the e le c tro n  accepting c a p a b i l i t y  o f  
s ite s  in  d i f f e r e n t  molecules, r e s t r i c t in g  a t te n t io n  to the LEMO o f each 
i s  c le a r ly  u n s a t is fa c to ry .  This c a p a b i l i t y  i s  requ ired  as an index o f  
the charge t r a n s fe r  s t a b i l i s a t io n  o f  the appropria te  t r a n s i t io n  s ta te  
complex. A r e a l  charge t r a n s fe r  in te r a c t io n  invo lves  a l l  o f  the v i r t u a l
t 7 o \
HQ’ s o f  the acceptor species. Fukui e t  a l  have form ulated charge  
t r a n s fe r  in te r a c t io n  energies appropria te  to e le c t r o p h i l i c ,  f r e e -  
r a d ic a l  and n u c le o p h i l ic  a tta c k  a t  a p a r t ic u la r  s i t e  in  a conjugated
system. Houever, in  order to ob ta in  reagent-independent in d ice s
E R N(these being the s u p e r d e lo c a l is a b i l i t ie s :  5 , 5 and S * r e s p e c t iv e ly )  
from t h e i r  expressions, a very dubious approximation is  necessary. I f  
a v ia b le  index o f  the e le c tro n  accepting c a p a b i l i t y  a t  a p a r t ic u la r  
centre  in  a molecule uere a v a i la b le ,  i t  uould be in te r e s t in g  to see 
uhether i t s  value a t  C* uas capable o f  exp la in in g  the drug a c t i v i t y
v a r ia t io n  o f  the combined s e r ie s .
In  order to examine the correspondence betueen regressions obtained  
from the PT and IQ-1 s e r ie s  from the opposite d i r e c t io n ,  l e t  a t te n t io n  
be turned to the simple regressions (4 .1 3 )  and ( 4 .1 4 ) .  Corresponding  
to p o in t  P4 in  the environment o f IQ -1 ,  ue have p o in t  P15 in  the
environment o f  PT. The simple regression o f  pC on E p ^ C ^ S ) ,  fo r  the
PT s e r ie s ,  i s  given belou:
(4 .3 9 )  pC = -  0*75 (io-6 1) E o l (P15) + 3*1 (± 2 *3 )  
and r  = 0*264; s = 0*529; P ( l ,20 )  = 1*49 .
To continue th is  lack  o f  correspondence, none o f  the components o f  the  
e le c t r i c  f i e l d  a t  P15 has a c o r r e la t io n  g re a te r  than 0*34 u i th  pC.
The atom C*, as defined above, is  s u b s t itu te d  in  f i f t e e n  o f the
tuenty  tuo PT d e r iv a t iv e s  (see ta b le  4 . 1 ) ,  but only  in  one o f the  
f i f t e e n  IQ-1 d e r iv a t iv e s  (see ta b le  4 . 2 ) .  The p ro p e r t ie s  c a lc u la te d  
a t  the proximate p o in t ,  1 8 above C*, must be acu te ly  s e n s i t iv e  to the  
conformation o f  any such s u b s t i tu e n t .  Given th a t  many o f  the conformations  
used in  the present c a lc u la t io n s  are based on guessuork, p ro p e r t ie s  
c a lc u la te d  a t  th is  p o in t  are u n re l ia b le  fo r  the C * -s u b s t i tu te d  molecules.
I t  uas thought th a t  th is  might exp la in  the lack  o f  c o r r e la t io n  o f pC 
u i th  the p ro p e r t ie s  o f  th is  p o in t  on the PT s e r ie s ,  c . f .  the IQ-1  
s e r ie s .
In  an a ttem pt to remove th is  supposed obstac le  to c o r r e la t io n ,  and 
to u n ify  the tuo s e r ie s ,  the seven molecules from the PT s e r ie s  and the  
fourteen  molecules from the IQ-1 ser ie s  uhich lack  C* s u b s t i tu e n ts  have 
been grouped to g e th er  fo r  regress ion  a n a ly s is ,  using the p ro p e r t ie s  o f  
the proximate p o in t  as independent v a r ia b le s .  These tu en ty  one compounds, 
along u i th  re le v a n t  data , are presented in  ta b le  4 .3 .  The choice o f  a
common frame o f  re fe ren ce  fo r  the e le c t r i c  f i e l d  vector f o r  the tuo 
s er ie s  i s  aided by the f a c t  th a t  th is  vector l i e s  almost p erpend icu lar  
to the plane o f  the molecule ( in  a d i re c t io n  auay from the molecule) 
in  a l l  tu en ty  one compounds* Hence the values, Epe rp > l i s t e d  in  ta b le  
4 .3 ,  are only m a rg in a lly  less  than |e| fo r  each m olecule. The fo l lo u in g  
regressions have been obta ined:
(4 .4 0 )  
and r  =
(4 .4 1 )  
and r  =
(4 .4 2 )  
and r  =
(4 .4 3 )  
and r  =
(4 .4 4 )
and r  =
The s t a t i s t i c a l  parameters o f regressions (4 .4 0 )  to (4 .4 4 )  do l i t t l e
to support the hypothesis o f  a ‘'genuine11 recep to r p o in t  a t  th is  p o s i t io n .
The on ly  hearten ing  fe a tu re  o f  regression (4 .4 4 )  i s  th a t  the signs o f
2the c o e f f ic ie n ts  associated u i th  V, \J , and E , are a l l  c o n s is te n tpol
u i th  the model th a t  the stronger the binding by the molecule o f  a p o s i t iv e  
p o in t  charge placed a t  th is  p o in t ,  the g re a te r  the drug a c t i v i t y .
pC = -  0 *60  (±0*  55) M + 6 *5  (± 4 * 1 )
0 *2 4 1 ;  s = 0 *5 9 5 ;  F ( 1 ,1 9 )  = 1 *1 7 .
pC = -  0 *35  (± 0 *3 2 )  I/2 + 6 *3  (± 2 *7 )
0 *2 4 3 ;  s = 0 *5 9 5 ;  F ( 1 ,1 9 )  = 1 *1 9 .
pC = 0 *44  ( - 1 * 5 2 )  Ep o l  + 7 *7  (± 1 0 *2 )
0 *0 6 5 6 ;  s = 0 -6 1 2 ;  F ( 1 ,1 9 )  = 0 *0 8 2 .
pC = 0*071 (± 0 *4 7 2 )  E + 5*0  (± 3 * 3 )perp v '
0*0 2 7 7 ;  s = 0 *6 1 3 ;  F ( 1 ,1 9 )  = 0 *0 1 5 .
pC = -  2*1 (± 3 * 2 )  V + 0*027  (± 1 *7 9 7 )  V2 -  0 *37  (± 1 *6 1 )  E . +'pol
1*8 (± 1 *0 )  E -  21*7 (±7*2 )  perp . '
0*470; s = 0*590; F (2 ,1 8 )  = 1 *13 .
The re s u l ts  presented above in d ic a te  th a t  the ra th e r  a b s tra c t  
in te r a c t io n  energy o f  a p o s i t iv e  ion  u i th  a form o f  thiosemicarbazone  
uhich is  (a ) a lre a d y  deprotonated and (b ) a lready  in  p re c is e ly  the 
conformation uhich i t  uould adopt in  a complex u i th  the metal ion  and 
a s im i la r  l ig a n d ,  does not determine the v a r ia t io n  in  the RDR in h ib i t o r y  
potency in  e i t h e r  s e r ie s  o f c(-formylthiosemicarbazone (N ) -h e te ro c y c le s .  
I t  i s  u n l ik e ly  th a t  the form o f  thiosemicarbazone chosen in  these  
c a lc u la t io n s  is  the form in  uhich d is c r im in a t io n  betueen members o f  
the se r ie s  by s u b s t i tu e n t  e f f e c t  occurs. In s te a d ,  ue might e i t h e r  
consider the p ro p e r t ie s  o f  the bare l ig an d  in  an e a r l i e r  phase o f i t s  
in te r a c t io n  u i th  the b io lo g ic a l  system, p a r t i c u la r l y  u i th  the metal io n ,  
or ue might consider the p ro p e r t ie s  o f  the re s u l t in g  metal complex, in  
fu tu re  c a lc u la t io n s .
As mentioned above, re le v a n t  F e ( I l )  complexes may not be handled 
by the a v a i la b le  HOREG s o ftu a re .  Houever, there  are no obstacles  to  
c a lc u la t io n s  on the n e u tra l ,  is o la te d  thiosemicarbazone molecule.
Both E and Z isomers might be considered. Assuming the l ig an d  to  
c h e la te  e x c lu s iv e ly  in  the E form, then the energy d if fe re n c e  and energy 
b a r r ie r  betueen the tuo forms might be r e le v a n t .  I f  the form in  uhich  
d is c r im in a t io n  occurs uere chosen fo r  c a lc u la t io n ,  then ue might expect 
not on ly  b e t te r  c o r re la t io n s  than those presented above, but a lso  
regressions u i th  a simple physica l in t e r p r e t a t io n .
Table 4 .1 .  Drug a c t i v i t i e s  and c a lc u la ted  r e a c t i v i t y  in d ice s  fo r  
PT and d e r iv a t iv e s *
No, S u b s titu e n t *pC °N1 °^N1 e b i n d ^ 1^ QC4
(e) (KeV*1) (eV) (e )
1 6*55 -0 .17 6 50 -1 0 2 .6 6 -7 0 *535 0*037684
2 3-Ne 6.59 -0 *17214 -1 0 2 .7 9 -7 0 .5 5 8 0*022254
3 4-Ne 6*57 -0 *18483 -102*89 -70*441 0*074889
4 S-Me 6-51 -0 .1 7 2 6 3 -102*71 -70 *546 0*025521
5 5 -E t * 6*66 -0 *17277 -102*69 -70 *558 0*025278
6 6-Me 5*11 -0*19373 -103*28 -70 *193 0*042410
7 3-OH 5*19 -0*15540 -102*88 -70 *685 -0*025349
8 3-OFle 5-89 -0*15786 -102*89 -70*691 -0*025981
9 3-F 5*42 -0*15528 -102*93 -70 *735 -0*022841
10 5-F 5*92 -0*15481. -102*95 -70 *700 -0*019407
11 5-C1 6*25 -0 *17267 -102*94 -70*606 -0*050498
12 5-Br 6*30 -0*17836 -102*92 -70 *563 0*064703
13 5-CF3 5*62 -0*17681 -102*61 -70 *625 0*063333
14 5-OH 5*17 -0*15401 -102*96 -7 0 *66 5 -0*032840
15 5-0 Me 5*92 -0*15633 -102*99 -70 *63 8 -0*014498
16 5-0CF3 5° 60 -0*15249 -103*04 -70 *677 -0*005537
17 5-00CMe* 5*44 -0*15995 -102*92 -70*651 -0*019147
18 5-00CEt* 5*28 -0*15970 -102*92 -70 *655 -0*016303
19 5-NHC0CH3* 5*92 -0*15903 -102*92 -70 *630 -0*007122
20 5-N(CH3) 2* 6*40 -0*16089 -102*98 -70*570 -0*003931
21 3-C1,5-0H 5*20 -0*15041 -103*43 -70*724 -0*025911
22 3 , 5 - ( 0 E t ) 2* 5*68 -0*13870 -103*32 -70 *768 -0*073051
. if-
C i s  the molar co n centra tion  y ie ld in g  50% i n h ib i t io n  o f  RDR from human 
epidermoid carcinoma c e l l s ^ ^ ^ .
*  S u b s titu en t conformation optim ised.
Table 4 .1 •  (c o n t . )
No. f EC4 f NC5 eb in d ^c6^ EN1-C6 E (P12)y
(-e x 1 0 ~ 3) ( - e ) (eV) (eV) (v o l ts /A )
1 0*06807 0*32554 -9 5 *953 -37*100 -0*01718
2 0*18558 0*32840 -95*859 -37*054 0*07909
3 0*07472 0*27917 -95*948 -37*068 -0 *04865
4 0*03793 0*35438 -95*492 -37*196 -0*00612
5 0*03358 0*35274 -95 *39 8 -37*228 -0 *00666
6 0*12904 0*29243 -104*607 -36*679 -0 *01482
7 0*03633 0*32843 -95 *25 7 -36*834 -0 *45365
8 0*88660 0*32249 -95*728 -36*861 0*46258
9 0*59767 0*32279 -95*764 -36*904 0*54117
10 0*08965 • 0*24275 -95*061 -37*002 0*10817
11 0*25153 0*32599 -95*741 -37*198 0*05082
12 0*36558 0*43996 -95*831 -37*299 0*05543
13 0*58007 0*36574 -95*856 -37*383 0*02531
14 0*55842 0*21191 -94 *967 -37*013 0*10858
15 0*29792 0*24412 -94*990 -36*981 0*05668
16 0*06683 0*25891 -95*022 -37*016 0*09735
17 0*07578 0*03440 -95*161 -37*035 0*06297
18 0*06248 0*02735 -95*161 -37*041 0*06432
19 0*18328 0*07770 -95*219 -37*109 0*10022
20 0*19691 0*31564 -95 *065 -37*060 0*03057
21 0*05113 0*00421 -94*934 -37*068 0*37850
22 0*06754 0*27397 -94*921 -36*785 0*50601
Table 4.1 • (con
No. Ez (P18)
( v o l ts /A )
1 -0 19339
2 -0 22068
3 -0 20929
4 -0 19175
5 -0 19003
6 -0 08408
7 -0 18462
8 -0 21789
9 -0 20281
10 -0 15906
11 -0 16520
12 -0 17135
13 -0 17798
14 -0 14537
15 -0 16208
16 -0 16299
17 -u 16561
18 -c 16537
19 -0 09170
20 -0 13365
21 -0 18069
22 -0 21420
y ( p i  )
( v o l ts )
-8  
- 8  
- 8  
- 8  
-8  
-8  
-7  
- 8  
-7  
-7  
-7  
-7  
-7  
-8  
-7  
-7  
-7  
-7  
-8  
-7  
-7  
-7
y2 ( p i ) 
( v o l t s 2 )
W (P1)
(e V /e 2 )
W (P15)
(e V /e 2 )
•0743 65 194 -0 89155 -3 6130
•0699 65 124 -0 90283 - 3 6230
•0916 65 474 -0 90239 - 3 7358
•0656 65 054 -0 90023 - 3 6785
•0439 64 705 -0 90326 - 3 7544
•0743 65 194 - 0 90630 - 3 7518
•9572 63 317 - 0 89849 - 3 6412
•0830 65 334 - 0 90370 -3 6573
•9355 62 972 - 0 89632 - 3 6399
•9182 62 697 - 0 89893 - 3 5346
•7577 60 182 -0 92494 -4 1772
•6970 59 244 -0 93795 - 4 3450
•7534 60 115 -0 89676 - 3 7587
•1393 66 249 - 0 90283 - 3 5185
•9355 62 972 -0 90326 - 3 6581
•8228 61 196 -0 90326 - 3 7037
•9876 63 801 -0 90716 - 3 7570
•9745 63 593 -0 90803 - 3 7770
•1870 67 027 - 0 91063 - 3 8420
•9832 63 732 -0 90890 - 3 8073
•8575 61 740 - 0 93969 -3 6256
•9312 62 904 -0 91757 -3 7492
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Table 4 .3 .  P ro p e rtie s  a t  a p o in t (c a lle d  MP15n fo r  PT s e r ie s  and »P4”
fo r  IQ -1 s e r ie s ) 1 A p e rp e n d ic u la rly  above r in g  atom C *.
S eries Compound Mo. V V E . pol Eperp # pC
(v o lts ) (v o lts  ) (e V /e 2 ) ( v o lts /A )
*PT 1 0* 51256 0 26271 -3 *6130 15*084 6* 55
t ! 2 0*57327 0 32863 -3 *6230 15*216 6*59
II 3 0*47656 0 22711 -3 *7358 14*908 6*57
I I 6 0*42926 0 18426 -3*7518 14*827 5*11
I I 7 0*66867 0 44711 -3*6412 15*416 5*19
I I 8 0*89719 0 80495 -3*6573 15*429 5*89
I I 9 0*93015 0 86517 -3*6399 15*416 5*42
4X
IQ-1 1 0*65305 0 42648 -3*7908 15*319 6*77
I I 2 1*39891 1 95694 -3*8676 15*939 5*80
11 4 1*09363 1 19602 -3 *8455 15*429 5*66
I I 5 0*93752 0 87894 -3 *9057 15*498 5*77
I I 6 0*95963 0 92090 -3 *8125 15*561 6*46
I I 7 1*04029 1 08220 . -3 *8663 15*370 5*75
I t 8 0*57370 0 32913 -3 *8264 15*475 6*64
I t 9 0*89632 0 38868 -3*8364 15*300 5*40
I I 10 0*63918 0 40855 -3*8724 15*148 5*00
I I 11 0*58020 0 33664 -3*7973 15*223 6*68
11 12 0*83345 0 69463 -3 *8143 15*402 6*75
I I 13 0*72937 0 53199 -3 *8164 15*403 6*72
11 14 0*74759 0 55889 -3 *8182 15*410 6*02
11 15 0*75929 0 57653 -3 *8012 15*250 6*16
See ta b le  4 .1 .  fo r  complete s e r ie s .  
See ta b le  4 .2 .  fo r  complete s e r ie s .  
^ S e e  fo o tn o te  to ta b le  4 .1 .
C H A P T E R  5
1 ,4 -BENZODIAZEPINES.
In tro d u c tio n .
Many 1 , 4-benzodiazepines d is p la y  pharm acological a c t iv i t y  through
* ( 41 —Q )
in te r a c t io n  w ith  the c e n tra l nervous system (CNS) ~ . The hypnotic
and general s ed a tiv e  a c t iv i t ie s  o f  these compounds r e s u lt  in  th e ir  
c la s s if ic a t io n  as CNS depressants. Other e f fe c ts ,  such as those 
associated  u ith  a n x io ly t ic  and a n tico n vu ls an t a c t iv i t y ,  are  not produced 
by a l l  CNS depressants. These more s p e c if ic  e ffe c ts  account fo r  a 
la rg e  p a r t  o f the c l in ic a l  u t i l i t y  o f the  benzodiazepines. In  a d d it io n ,  
benzodiazepines are employed c l in ic a l ly  as hypnotics and general 
sed atives  because o f th e ir  very low t o x ic i t y ,  compared in  p a r t ic u la r  
u ith  the b a rb itu ra te s .
The h is to ry  o f the benzodiazepines as CNS agents has re c e n tly  been 
reviewed by S t e r n b a c h ^ ^  • C hlord iazepoxide hydroch loride  (n o . 12, 
ta b le  5 .1 ( a ) )  uas f i r s t  synthesised in  1956, and the fo llo w in g  year 
found to have muscle re la x a n t , taming and a n tico n vu ls an t a c t iv i t y  in  
te s t  an im als . A fte r  c l in ic a l  t r i a l s  which revea led  the p o te n t ia l  o f  th is  
compound as a s e d a tiv e , a n x io ly t ic  and an tico n vu ls an t in  humans, i t  was 
placed on the market in  1963 under the tra d e  name "L ib riu m ".
In  a s im ila r  sequence o f animal and human screen ing , diazepam  
(no . 11, ta b le  5 .1 ( a ) )  was revea led  to have s im ila r  ranges o f pharm acological 
a c t iv i t ie s  as ch lo rd iazep o x id e  h yd ro ch lo rid e , but to be s u b s ta n t ia lly  
more p o ten t o v e r a l l .  Placed on the market in  1969 under the tra d e  name 
"Valium ", i t  is  now the most fre q u e n tly  p rescrib ed  o f a l l  drugs.
Oxazepam ("S e rax " , see f ig u re  5 .1 )  and medazepam hydroch loride  ("N obrium ", 
no. 18, ta b le  5 .1 ( a ) )  have also been in troduced  as m ild t r a n q u i l is e r s ,
1
w hile  n itrazepam  ("Mogadon" , no. 10) and flurazepam  hydroch loride
( nDalmanen, -no* 13 ) are employed as hypnotics* A t o t a l  o f 23 d is t in c t  
types o f benzodiazepines were on the drug m arket throughout the u orld  
in  1978^418a^
F igure  5 .1 *  Oxazepam ( uSerax,t) .
A v/ailab le  drug a c t iv i t y  d a ta .
Host o f the o r ig in a l  re p o rts  o f the synthesis  and screening o f  
batches o f benzodiazepines by Hoffman-La Roche L ab o rato ries  belong to  a 
long s e rie s  o f a r t ic le s ,  published over the perio d  1960 to the p re se n t, 
u ith  the common heading ’’Q uinazolines and 1 ,4 -8e n zo d ia zep in e s w, these  
being spread through severa l o rganic  and m edic inal chem istry jo u rn a ls *
For an o v e ra l l  v ieu  o f the SAR, i t  is  b e tte r  to  look a t  the re v ie u
(4 1 2 -8 ) . (412)a r t ic le s  . The f i r s t  o f th e s e ' ' gives the potencies d isp layed
by f i f t y  seven 1 , 4-benzodiazepines in  the fo llo w in g  te s ts :
Name A b b rev ia tio n  D e s c rip tio n
( as in  ta b le  5 .1 ) '
In c lin e d  screen te s t  IS  This te s t  measures s ed a tiv e
and muscle re la x a n t e f fe c ts *
The dose which causes th re e  out
o f s ix  mice to  s lid e  o f f  a 70°
in c lin e d  screen, w ith in  fo u r
hours o f o ra l a d m in is tra tio n ,
is  determ ined.
Footshock te s t  FS This te s t  measures taming
Name A b b rev ia tio n
(as in  ta b le  
5 ,1 )
M etrazo l MET
(p e n ty le n e te tra z o le )
te s t
Maximal e le c t r o -  MAX
shock te s t*
M inim al e le c tr o -  MIN
shock te s t*
Cat behaviour CAT
te s t*
D e s crip tio n
a c t iv i t y *  The minimum dose to  preven t 
p a irs  o f mice, in c ite d  by an e le c t r ic  
c u rre n t ap p lied  through t h e i r  f e e t ,  
from f ig h t in g  is  determ ined by th re e  
observations*
The dose req u ired  to  p re ve n t, in  50$ 
o f m ice, the convulsions produced by 
the in je c t io n  o f 125 mg/Kg o f  
p e n ty le n e te tra z o le , is  determ ined.
The dose req u ired  to p re ve n t, in  50$ 
o f m ice, the convulsions induced by 
passing a 30 mA c u rre n t across the  
b ra in  fo r  0*2 seconds, is  determ ined* 
as MAX, but using a 6 mA c u rre n t*
Cats suspended by the s c ru f f  o f  the  
neck are observed fo r  sed atio n  and 
muscle re la x a t io n  over the 6 hour 
pario d  fo llo w in g  o ra l a d m in is tra tio n  
o f the drug* The minimum dose to  
produce re la x a t io n  o f the body and 
hind legs is  determ ined.
The FS, MET, MAX and MIN te s ts  are a l l  performed one hour a f te r  the o ra l  
a d m in is tra tio n  o f the drug. A compound is  deemed in a c t iv e  in  a given te s t  
i f  the req u ired  response is  not e l ic i t e d  by an ap p aren tly  a r b it r a r y  top 
dose. Top doses o f 500, 100 and 50 mg/Kg are se t fo r  the IS , FS and 
CAT te s ts ,  re s p e c t iv e ly , w h ile  BOO mg/Kg is  the top dose in  the rem ain ing
te s ts *
( 4 1 4 )A subsequent review  , which gives the same in fo rm a tio n  fo r  160 
compounds ( in c lu d in g  most o f those covered in  the f i r s t  r e v i e w i s  
th e ’most comprehensive to  date as regards the range o f compounds inc luded*  
Three o th e r reviews^ 9 9 '  g ive  w ider ranges o f drug a c t iv i t ie s  fo r
more r e s t r ic te d  ranges o f compounds. For example, re fe re n c e  (413) g ives  
the re s u lts  o f 20 anim al te s ts ,  in v o lv in g  m ice, r a ts ,  cats  and monkeys, 
fo r  23 compounds* In  a d d it io n , the re s u lts  o f c l in ic a l  screening are  
given fo r  22 com pounds^^^* E ffe c tiv e n e s s  in  man is  judged by the doses 
req u ired  to produce fo u r le v e ls  o f response, i * e *  a minimum dose to  e l i c i t  
the f i r s t  signs o f re a c tio n  in  25$ o f the p a t ie n ts , a dose re q u ire d  to  
produce v is ib le  e ffe c ts  in  50$ o f p a tie n ts  (D ) , a dose causing marked 
drug e f fe c t  in  50$ o f p a tie n ts  "and a maximum to le ra te d  dose* Values o f  
pD in  man fo r  21 o f the compounds are shown in  ta b le  5 .1 ( a ) ,  the  
rem aining compound being in a c t iv e *  A c t iv i t ie s  o f these compounds in  
the IS ,  FS, MET, MAX, MIN and CAT te s ts  are a lso  g iven . The po tencies  in  
strych n in e  and diazepam displacem ent are discussed below.
Table 5 .1 (b )  gives the in te rc o r re la t io n s  between the drug a c t iv i t ie s  
given in  ta b le  5 .1 ( a ) .  The pC's fo r  the fo u r animal te s ts :  IS ,  FS,
MET and CAT have nigh in te rc o r re la t io n s  and a l l  c o rre la te  s ig n if ic a n t ly  
w ith  pD(HUMAN). pC(MAX) c o rre la te s  s ig n if ic a n t ly  w ith  pC (lS ) and 
pC(M lN), w h ile  pC(MIN) on ly  c o rre la te s  s ig n if ic a n t ly  w ith  pC(MAX). The 
MAX and MIN te s ts  appear to be poor p re d ic to rs  o f a c t iv i t y  in  man.
Mechanism o f CNS a c t io n .
The mechanism(s) o f a c tio n  o f the benzodiazepine is  a m atter o f hot 
debate among neuropharm acologists. S everal hypotheses have been mounted, 
u ith  vary ing  degrees o f s u b s ta n tia tio n . I t  has been c le a r ly  observed  
th a t benzodiazepines may a f fe c t  the ’’ tu rn o ver'1 .(re lease  a t  the synapses)
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o f monoamine n e u ro tra n sm itte rs  in  s p e c if ic  regions o f the CNS, As 
examples, diazepam decreases the turnover o f:
(1 ) Sero ton in  in  r a t  b ra in ^ 42^ ,
(2 ) Dopamine in  the caudate nucleus, o lfa c to ry  tu b e rc le , nucleus
(421)accumbens and lim b ic  cortex  o f  r a t s '  .
(3 ) Norepinephrine in  the e n t ir e  b ra in  o f  ra ts  under s tre ss ^ 422  ^ and 
in  the c o rte x , thalam us, hypothalamus, m idbrain and cerebellum  o f ra ts  
not under s tre s s ^ 4 23 ,422 \
/ \ (424)(4 ) A cetycholine in  guinea p ig  c e re b ra l co rtex  .
The passage o f impulses through the c e n tra l monoaminergic nerves 
may be a tten u ated  a t  the synapses by various n a tu ra l processes. E ith e r  
the re le a s e  o f monoamine from the axon o f one neuron is  prevented  
(p resyn ap tic  in h ib i t io n ) ,  or the a c tio n  o f the monoamine a t  i t s  rece p to r  
s ite s  on the d en d rites /b o d y  o f the next neurone is  blocked (p o s ts y n ap tic  
i n h ib i t io n ) .  These in h ib i to r y  processes are c o n tro lle d  by lo c a l  
c ir c u its  o f  supplem entary neurones, c la s s if ie d  according to  the  tra n s m itte r  
they employ, P ostsynaptic  in h ib i t io n  o f monoamine transm iss ion  in  the  
s p in a l chord, b ra in  stem and thalamus may be produced by the a c tio n  o f  
neurones uhich themselves employ g ly c in e  as a tra n s m it te r .  G lycine  
i s ,  in  these in s tan ce s , said  to  "m ediate11 postsynaptic  in h ib i t io n .
3I t  has been observed th a t  H -s trychn ine  accumulates s p e c i f ic a l ly
(425)in  the regions o f g ly c in e  co n ta in in g  neurones' y and th is  is  b e lieved
to be due to d ir e c t  co m p etitive  binding to the g lyc in e  re ce p to r s i t e .
The a f f i n i t y  o f o th e r su b strates  fo r  the g lyc in e  recep to r s i t e  can
3
th e re fo re  be assessed according to th e ir  a b i l i t y  to  d isp lace  H -s trych n in e
from th is  s i t e , .  In  o rder to te s t  the hypothesis th a t  benzodiazepines
k
a f fe c t  the c e n tra l nervous system by mimicAing  g ly c in e  a t  i t s  re c e p to r
s i t e ,  Young e t  a l ^ ^ ^  have measured the concentrations (ED^q) o f 21 
benzodiazepines re q u ire d  to d isp lace  50% o f s p e c i f ic a l ly  bound H- 
s trych n in e  from r a t  s p in a l cord synaptic  membrane p ro te in . The benzodia­
zepine drug a c t i v i t i e s ,  taken from re fe ren ce  (4 1 3 ) , are  then shoun to
3
c o r re la te  s ig n if ic a n t ly  u ith  H -s trych n in e  displacem ent potency, by 
Spearman rank c o r re la t io n  a n a ly s is '^ ^  •
In s tead  o f the c o r re la t io n  between crude potency ranks, i t  uould 
perhaps have been b e tte r  to determ ine d ir e c t  c o rre la t io n s  between 
p (ED^q ) and the pC values obtained from the _in vivo assays. Using 
data o f roung e t  a l (see ta b le  5 .1 ( a ) )  some such c o rre la t io n s  have 
been determ ined in  the present work. The r  values obta ined are  presented  
in  ta b le  5 .1 ( b ) .  p(ED^g) c o rre la te s  s ig n if ic a n t ly  u ith  the pC values  
fo r  the IS , FS, MET and CAT te s ts ,  but not u ith  pD(HUMAN). I t  is  not 
p o ss ib le  to r e je c t  the "g ly c in e  hypothesis" fo r  the mechanism o f a c tio n  
o f the benzodiazepines (even in  man) on the basis o f these c o r re la t io n s .  
Q u a n titie s  determ in ing  b io a v a i la b i l i t y ,  as w e ll as those determ in ing  
d ru g -re c ep to r in te r a c t io n ,  are needed to com plete ly  s p e c ify  ijn v ivo  
a c t iv i t y .
(427)Costa e t  a l have argued a g a in s t the g lyc in e  hypothesis on the
basis o f the high in  v it r o  concentra tions  o f benzodiazepines req u ire d  
3to d is p la c e  H -s try c h n in e , compared u ith  the lou  .pharm aco log ica lly
( 4781
a c t iv e  doses. Furtherm ore Hunt and Raynard^ J shou th a t  various  
t r i c y c l i c  drugs devoid o f a n x io ly t ic ,  muscle re la x a n t and a n tic o n v u ls a n t
3
a c t iv i t y  have s im ila r  or g re a te r H -s trych n in e  d is p la c in g  potency than
the benzodiazepines, uhereas o ther drugs u ith  s im ila r  pharm acological
3p r o f i le s  to  the benzodiazepines are unable to  d isp lace  H -s try c h n in e .
(429)C u rtis  e t  a l '  f in d  the diazepam does not p ro te c t a g a in s t the
convu lsant e f fe c t  o f s trych n in e  in  vivo or modify the e le c tro p h y s io lo g ic a l  
e f fe c t  o f s trych n in e  i t  i t s  in h ib i t io n  o f g ly c in e .
Another amino acid  n e u ro tra n s m itte r , -a m in o -b u ty r ic  acid  (GABA) 
mediates both p re - and postsynaptic  in h ib i t io n .  In  an e a r ly  study by 
Saad^*50  ^ diazepam is  shoun to increase  the GABA content o f the c e re b ra l 
hemispheres in  a manner uhich p a r a l le ls  i t s  a b i l i t y  to  p ro te c t mice
from convulsions induced by is o n ia z id , a GABA synthesis  in h ib i t o r .
(431)Subsequently Pole e t  a l '  y have shoun th a t  diazepam augments GABA 
mediated p resyn ap tic  in h ib i t io n  in  the s p in a l cord .
Since 1974, p u b lic a tio n s  p ro v id in g  evidence to support the  
MGABA hypothesis” o f benzodiazepine mechanism have snouballed , and fo r  
a general account the reader is  best re fe rre d  to the 1977 review  o f  
H a e f e l y ^ '^ .  Benzodiazepines ap p aren tly  enhance p resynaptic  in h ib i t io n  
a t  a l l  le v e ls  o f  the n eu rax is . In  some s tru c tu re s  such as the cuneate  
nucleus, benzodiazepines enhance both p re - and postsynaptic  in h ib i t io n .  
The involvem ent o f GABA in  the said in h ib i t io n  processes is  evidenced  
by: (a j  the re v e rs ib le  mutual antagonism between the e ffe c ts  o f
benzodiazepines and those o f known GABA an tagon ists  such as p ic ro to x in  
and b ic u c u ll in e ;  (b ) the a b o lit io n  o f benzodiazepine e ffe c tiv e n e s s  by 
GABA synthesis  in h ib ito r s  such as is o n ia z id  and th io sem icarb az id e .
The mechanism by which benzodiazepines enhance GABA-mediated in h ib i t io n  
is  not known, but d ir e c t  a c t iv i t io n  o f GABA receptors  can be excluded.
Most o f the works on benzodiazepine mechanism published s ince  
H a e fe ly ’ s review  seem to come down on the s ide o f the GABA hypothes is . 
Macdonald and B a r k e r ^ * ^  re p o rt io n to p h o res is  s tud ies  which in d ic a te  
th a t  diazepam and chordiazepoxide augment GABA mediated p o stsyn ap tic  
in h ib i t io n ,  but not g lyc in e  mediated in h ib i t io n ,  in  mammalian s p in a l  
cord neurones. G a l la g e r ^ ^ ^  shows by s im ila r  techniques th a t  in  the  
d o rsal raphe nucleus, which has s p e c if ic  and independent recep to rs  fo r  
s ero to n in , g ly c in e  and GABA, the in h ib i to r y  response to GABA was 
p o te n tia te d  by benzodiazepines. The in h ib i to r y  responses to  s e ro to n in
and g ly c in e  were u n a ffe c te d .
( 4 3 5 )Tsuchiya and Fukushima show th a t  diazepam and fludiazepam
prolong the GABA-mediated in h ib i t io n  o f hippocampal pyram idal neurones, 
w hile  b ic u c u llin e  has the opposite  e f f e c t .  On the o th e r hand, Biswas 
and C a r ls s o n ^ '^  present evidence th a t  synthesis  o f dopamine and 
Serotonin  in  various  p a rts  o f r a t  b ra in  is  in h ib ite d  by moderate 
doses o f diazepam. This suggests a p o ssib le  mechanism independent o f  
GABA, which in  fa c t  s tim u la te s  the synthesis  o f these n e u ro tra n s m itte rs .
3
In  s tu d ies  on the b inding o f H-diazepam to r a t  b ra in  homogenates, 
Squires and B r a e s t r u p h a v e  been ab le  to is o la te  a membrane f r a c t io n  
to which diazepam binds s tro n g ly . This b inding is  s a tu rab le  and
c h ara c te ris e d  by a measurable a f f i n i t y  constant i . e .  i t  is  s p e c if ic
• 3b in d in g . H-diazepam may be d isp laced  from the b inding s it e  by the
c o m p etitive  a c tio n  o f o th e r benzodiazepines, but o th e r types o f sed a tive
and a s e le c t io n  o f n eu ro tran sm itte rs  show no displacem ent a c t iv i t y .  The
c o n ce n tra tio n s , causing 50^ displacem ent o f s p e c if ic a l ly  bound
3H-diazepam, have been determined fo r  21 benzodiazepines. P lo tted , on 
a lo g -lo g  s c a le , the IC -n ’ s show an im pressive c o r re la t io n  ( r  = 0*891)
dU
w ith  the doses re q u ire d  to produce a defined  le v e l o f muscle re la x a t io n  
in  c a ts . This suggests th a t  the benzodiazepine b ind ing s ite  d iscovered  
is  a s i t e  o f p h y s io lo g ic a l a c tio n  i . e .  a recep to r s i t e .
C o rre la tio n s  between p (lC ^p) values obtained from the above 
source and the pC values o f a s e le c tio n  o f benzodiazepines in  seven 
in  v ivo  assays have been determined in  the p resent work. The c o r re la t io n  
c o e f f ic ie n ts ,  presented in  ta b le  5 .1 (b ) ,  d i f f e r  s l ig h t ly  from those 
obtained by Squires and Braestrup because o f the shortened data  s e t and 
the use o f molar ra th e r  than gram concentra tions  to rep resen t the i_n 
vivo a c t iv i t i e s .
In  a second re p o rt  these authors g ive more d e ta ils  o f  the
3
s p e c if ic  b inding o f H-diazepam, such as i t s  -v a r ia t io n  u ith  tem perature
and pH. The re g io n a l d is t r ib u t io n  o f b ind ing s ite s  in  r a t  b ra in  is
uneven, being h ig h est in  the co rtex  and lo u e s t in  the pons and m edulla
regions. The observed d is t r ib u t io n  does not p a r a l le l  th a t  o f the
recep to rs  o f any n e u ro tra n s m itte r , in c lu d in g  GABA and g ly c in e . A
3
search has been made fo r  s p e c if ic  b inding o f H-diazepam to body tis s u e s
o th e r than b ra in . Some s p e c if ic  b ind ing occurs u ith  k idney,, l i v e r  and
lung t is s u e , but the a f f i n i t y  constant is  much higher than u ith  b ra in
t is s u e . In  a d d it io n  the b inding to  kidney tis s u e  is  associated  u ith
the m ito ch o n d ria l ra th e r  than membrane f r a c t io n ,  and shous a d i f f e r e n t
tem perature dependence from b inding to b ra in  t is s u e . The potencies  o f
3
o th e r benzodiazepines in  d is p la c in g  H-diazepam from tis su e s  o th e r than  
b ra in  tis s u e  do not p a r a l le l  pharm acological a c t iv i t y .
A subsequent re p o rt  by Braestrup e t  a l ^ ^  shous th a t  the
3
d is t r ib u t io n  o f H-diazepam recep to rs  in  human b ra in  is  very s im ila r  to  
th a t  in  r a t  b ra in , the h ig h est d en s ity  o f recep to rs  being in  the  c o rte x .  
The b ind ing constants fo r  14 benzodiazepines, obtained u ith  human 
c o rte x , c o r re la te  very u e l l  u ith  the  corresponding va lu es , obta ined u ith  
r a t  b ra in .
In  a fu r th e r  in v e s t ig a t io n  o f the pharm acological nature o f the  
benzodiazepine re c e p to r , more than 100 non-benzodiazepines, com prising  
22 d is t in c t  types o f CNS drugs, 14 n eu ro tran sm itters  (in c lu d in g  GABA 
and g ly c in e ) and t h e i r  an tagon ists  are shoun to  have n e g lig ib le  or 
s l ig h t  *^H-diazepam displacem ent p o te n c y ^ ^ ^  • This tends to  confirm  
the b e l ie f  th a t  the benzodiazepine b ind ing s it e  is  not the  re ce p to r o f  
any n e u ro tra n s m itte r .
The general f in d in g s  o f Squires and Braestrup regard ing  the  ex is ten ce
o f benzodiazepine recep to rs  in  mammalian b ra in  have been confirm ed by
(4 4 1 -6 )th ree  o th e r groups o f w orkers ' . More p rec ise  lo c a tio n  o f
3 . . .H-diazepam b ind ing  s ite s  h a s . been u n d e rta ke n ,. s p e c if ic  b ind ing being
s tro n g ly  lo c a lis e d  in  the synaptosomal m em brane/junction c e n tr ifu g a t io n -
(4 4 1 ,4 4 5 ,4 4 6 ) 3
f r a c t io n  • The p a r a l le l  between H-diazepam displacem ent
potency and in  v ivo  a c t iv i t y  has been confirm ed in  various s e rie s  o f
(4 4 0 ,4 4 1 ,4 4 3 ,4 4 6 )  benzodiazep ines ' ' •
3The re g io n a l d is t r ib u t io n  o f H-diazepam binding s ite s  in  r a t  and
human b ra in , as determ ined by Squires and B raestrup , has been broad ly
confirm ed by o th e r w o rk e rs ^ ^  >443,446)  ^ However, these workers
suggest th a t  the d is t r ib u t io n  o f s ite s  _is c o rre la te d  w ith  the d is t r ib u t io  
(441 ,446 )
o f GABA recep to rs  , a num erical c o r re la t io n  ( r  = 0 *79) between
3
the rankings fo r  b ind ing o f H-diazepam and GABA to the various b ra in
(446)regions being given in  one case . I t  s t i l l  seems most u n lik e ly  
3th a t the H-diazepam binding s it e  jL£ the GABA re c e p to r, however, w ith  
co n firm atio n  o f the i n a b i l i t y  o f GABA, i t s  ag o n is ts , or an tag o n ists  
to d isp lace  3H-diazepam from th is  s i t e . There is  even
evidence th a t  the a d d itio n  o f  GABA (o r  i t s  a g o n is t, m uscinol) to
3 (447)c o r t ic a l  membranes in  v it r o  enhances H-diazepam o in d in g ' .
M etabolism .
The in fo rm a tio n  presented in  th is  sec tio n  has been e x tra c te d  from  
re fe ren ces  (417) and (4 1 9 ) .
Fo llow ing in tro d u c tio n  to the c e n tra l and tis s u e  compartments o f  
mammalian organisms, 1 ,4 -b en zo d iazep in es  are not excreted in t a c t  to  
any s ig n if ic a n t  e x te n t . They are converted m e ta b o lic a lly  to 0 -g lu c u ro n id  
conjugates and excreted  as such. This d e to x ify in g  metabolism may be 
absorbed a lg e b ra ic a lly  in to  the e x c re tio n  process and need not com plicate  
the sim ple pharm acokinetic schemes o u t l in e d - in  .chapter 1 . However,
many CIMS a c t iv e  benzodiazepines undergo o th e r m etabo lic  changes unich
lead to  o th e r a c t iv e  benzodiazepines. The most l i k e ly  m etabolic
pathuays lea d in g  to  a c t iv e  compounds are dependent on uhether the
adm in istered  benzodiazepine is  a lactam  or a non-lactam .
»
Lactams (1 , 4 -ben zo d iazep in -2 -o n es )
The most prom inent pathuays are N 1 -d e a lk y la tio n  and C 3 -h y d ro x y la tio n . 
Hence, fo llo u in g  a d m in is tra tio n  o f diazepam, th ree  a c t iv e  m etab o lites  
have been detected  in  mice, cats and man:
CH3
N l-d em eth y la tio n
diazepam demethyldiazepam
C 3-h yd ro xy la tio n C 3-h yd ro xy la tio n
sCHOB 3 CHOH
N1-dem ethylation c C
CH3
3-hydroxydiazepam oxazepam
Figure  5 .2 .  M etabo lic  fa te  o f diazepam.
The a c t iv i t ie s  o f the th ree  m etab o lites  measured in  the IS ,  FS, 
NET and CAT te s ts ,  given belou, range from a l i t t l e  lo u e r to a l i t t l e  
higher than diazepam:
p C ( l S )  pC(FS) p C ( n E T )  pC (C A T)
demethyldiazepam 0*5570 1*1311 1*6539 2*4321
3-hydroxydiazepam 1*1767 1*7788 2*6327 2*7788
oxaeepam 0*1049 0*8550 2*5028 2*4570
These f ig u re s  must be tre a te d  u ith  c a u tio n . Only the a c t iv i t ie s  fo r  
oxazepam may be a t t r ib u te d  to the e f fe c t  on the CNS o f the adm in istered  
drug a lo n e, i t s  m e tab o lites  being in a c t iv e .
To shed l ig h t  on the d ir e c t  in flu e n c e s  o f the p a ren t molecule and
(448)each m e ta b o lite  on the CNS, G a ra t t in i  e t  a l '  * have measured the  
concentra tions  in  mouse b ra in  o f diazepam, demethyldiazepam and 
oxazepam a t  a sequence o f p o in ts  in  tim e a f te r  the i . v .  a d m in is tra tio n  
o f diazepam ^5mg/Kg). At the same ju n c tu re s , the re s is ta n c e  o f  the mouse 
to convulsions uas measured, th is  being id e n t i f ie d  u ith  the minimum 
dose o f p e n ty le n e te tra z o le  which would produce convu ls ions. The re s u lts  
o f these measurements are presented in  f ig u re  5 .3 .
F igure 5 .3 .  C o rre la t io n  between 
a n t i-p e n ty le n e te tra z o l a c t iv i t y  and 
bra in  le v e ls  o f diazepam and i t s  
m etab o lites  a f te r  i . v .  a d m in is tra tio n  
o f diazepam to mouse. (5m q/kq).
©--------e diazepam
*---------x demethyldiazepam
a----- —a oxazepam
& & a n tico n vu ls an t e f fe c t
ug/g b ra in
tnr 3 hr Shr
tim e a f te r  admin.
I t  is  c le a r  from f ig u re  5 .3  th a t  diazepam is  m etabolised very  
ra p id ly  by the mouse. The co n cen tra tio n  in  mouse b ra in  is  overtaken by 
the m e ta b o lite  demethyldiazepam u ith in  30 minutes and is  n e g lig ib le  
u ith in  3 hours. I t  appears th a t  the major a c tiv e  m etab o lite  from about 
5 hours a f te r  a d m in is tra tio n  onwards is  oxazepam. I t  is  u n fo rtu n ate  
th a t these s tu d ies  d id  not in c lu d e  an assay o f the le v e l  o f  
3-hydroxydiazepam  a t  each p o in t in  tim e .
I t  is  a lso  ev id e n t from f ig u re  5 .3  th a t  the an tico n vu ls an t e f fe c t  
does not p a r a l le l  the co n cen tra tio n  in  mouse b ra in  o f unchanged diazepam  
or e ith e r  m e ta b o lite  a lo n e. R ather, th is  e f fe c t  roughly p a r a l le ls  the  
sum o f  a l l  th ree  c o n cen tra tio n s . F u rth e r s tud ies  by the same authors  
seem to in d ic a te  th a t  the muscle re la x a n t e f fe c t  o f diazepam a d m in is tra tio n  
p a r a l le ls  the le v e l  o f unchanged diazepam in  mouse b ra in , w h ile  the  
a n tiag g ress io n  e f fe c t  p a r a l le ls  the le v e l o f demethyldiazepam.
Fo llow ing the a d m in is tra tio n  o f diazepam to man, t im e -re la te d  
stu d ies  o f the plasma co n cen tra tio n  seem to in d ic a te  th a t  the ra te  o f  
metabolism is  con sid erab ly  slower than in  the mouse. However, i t  has 
been e s tab lis h ed  in  the case o f chronic  a d m in is tra tio n  th a t - th e  steady  
s ta te  le v e l  o f unchanged diazepam is  somewhat surpassed by the corresponding  
le v e l  o f  demethyldiazepam.
U n fo rtu n a te ly , th e re  is  no record o f such q u a n t ita t iv e , t im e -  
re la te d  s tud ies  o f diazepam metabolism having been performed in  c a ts .
Mammalian l i v e r  microsomes a c t on many a lkylam ines so as to  e f f e c t  
the replacem ent o f the a lk y l  group by hydrogen. As w e ll as complete 
m etabo lic  removal o f the N 1 -s u b s titu e n t o f flu razep am ,th e  fo llo w in g  
degradation  o f the s u b s titu e n t may also  occur:
The ethylam ine s u b s titu e n t is  fu r th e r  degraded to an e th a n o lic  s u b s titu e n t,  
the conjugate o f which c h a ra c te ris e s  the main u r in a ry  m e ta b o lite  o f  
flurazepam  in  man.
Other s u b s titu e n ts  are m e ta b o lic a lly  converted w ith o u t being  
detached a lto g e th e r . The n it r o  group o f nitrazepam  undergoes the  
fo llo w in g  degradation :
j/
A B
14.S ix hours a f t e r  the o ra l a d m in is tra tio n  o f 5mg o f C 2-n itrazepam , 
70% o f the r a d io a c t iv i t y  in  human plasma may be a t t r ib u te d  to the  
unchanged drug, 14% to m e ta b o lite  A and 2% to  m e ta b o lite  B. Some o f  
the re s id u a l 14% may be a t t r ib u te d  to  C3-hydroxy d e r iv a t iv e s .
l\lon-lactams.
In  co n ju c tio n  w ith  N -d e a lk y la tio n  and C -h yd ro x y la tio n , th e re  
is  a s p e c if ic  conversion to lactam  forms in  mice and man. C h lo r- 
diazepoxide  is  converted v ia  dem ethylch lord iazepoxide to demoxepam as 
in d ic a te d  in  f ig u re  5 .4 .
ch lo rd iazep o x id e dem ethylch lord iazepoxide
demoxepam
F ig u re  5 .4 .  M e ta b o l ic  f a t e  o f  c h lo rd ia z e p o x id e .
Demoxepam may be fu r th e r  degraded to demethyldiazepam (by removal o f  the  
N4-oxide group) which is  in  tu rn  converted to oxazepam. The le v e l  o f  
dem ethylchordiazepoxide in  mouse b ra in  is  g re a te r than th a t  o f the  
p aren t in  the p erio d  0*5  to 6 hours a f te r  the o ra l a d m in is tra tio n  o f  
ch lo rd iazep o x id e  (2Qmg/Kg). Furthermore the dem ethylch lord iazepoxide  
le v e l appears to p a r a l le l  a n tip e n ty le n e te tra z o l a c t iv i t y .  Demoxepam 
is  p resent a t  a low er co n cen tra tio n  than the p aren t during the same
p e rio d .
Medazepam forms a c tiv e  m etab o lites  by I\l1-dem ethylation and
conversion to lac tam , as in d ic a te d  in  f ig u re  5 .5 :
C«3
medazepam demethylmedazepam
V
H
diazepam demethyldiazepam
F ig u re  5 .5 .  M e ta b o l ic  f a t e  o f  medazepam.
Chronic a d m in is tra tio n  o f medazepam to man leads to plasma le v e ls  o f  
demethyldiazepam g re a te r  than those o f the p a re n t, w h ile  o th er m e tab o lites  
are le s s  im p o rta n t.
Previous QSflR work on 1 ,4 -b en zo d iazep in es .
(449)Yoshimoto e t  a l  have form ulated  QSAR’ s fo r  a s e rie s  o f
benzod iazep ino -oxazo les , s u b s titu te d  as in d ic a te d  in  f ig u re  5 .6 .
-N— C5
Figure  5 .6 .  Benzodiazepino-oxazole s u b s t itu t io n .
(The curious numbering scheme is  th a t  used by 
Yoshimoto e t  a l ^ ^ ^ ) .
The drug a c t iv i t y  data used by these workers were determ ined in  
th e ir  own la b o ra to r ie s  from nine types o f te s t  in v o lv in g  m ice. As w e ll 
as th e ir  own v a r ia n ts  o f the IS , FS, PIET and MAX te s ts , more novel te s ts  
o f a n tic o n v u ls a n t, a ta x ia  in d u c in g , muscle re la x in g  and hypnotic  
e ffe c ts  are used. The independent v a r ia b le s  employed in  the reg ress io n  
analyses are the n -v a lu e , the Swain and Lupton e le c tro n ic  param eter, ^
and the F re e -U ils o n  in d ic a to r  v a r ia b le , I ,  associated u ith  each 
s u b s titu e n t s e p a ra te ly *
Using up to s ix  independent v a r ia b le s , regressions are form ulated  
to e x p la in  each type o f drug a c t iv i t y .  Some o f these have high  
c o r re la t io n  c o e f f ic ie n ts  ( r ~ 0 * 9 ) .  C e rta in  general observations may 
be made from these reg ress io n s . High a c t iv i t y  is  favoured by a 
sm all tt  value fo r  R7 and high lv a lu e s  fo r  R3 and R4. These observations  
should be a u se fu l guide in  the design o f  more a c tiv e  compounds u ith  
the same basic s tru c tu re . I t  is  d i f f i c u l t  to  make m echanistic  
deductions from the reg ress io n s , however, because o f the nature  o f the  
independent v a r ia b le s  and the la rg e  number employed.
The on ly  o th e r attem pts to e x p la in  the ir i v ivo a c t iv i t i e s  o f the  
benzodiazepines in  q u a n tita t iv e  terms are those a lread y  described , 
where the potency in  d is p la c in g  s p e c if ic a l ly  bound s trych n in e  or  
diazepam is  used as the independent v a r ia b le .
Aim and scope o f the present study.
Uhen the author began work on the 1 ,4 -b en zo d iazep in es  in  1975, 
the GABA hypothesis was in  i t s  in fan cy  and the s p e c if ic  b ind ing  o f  
diazepam by b ra in  synaptosomal membranes was undiscovered. The on ly  
q u a n t ita t iv e  in te r p r e ta t io n  o f the 1 ,4 -b en zo d iazep in e  SAR was th a t  
made by Young e t  a l^ 4^ ^  as p a r t  o f the c o n tro v e rs ia l g ly c in e  h yp o th es is . 
I t  was an in te r e s t in g  p ro p o s itio n  to make an unpresumptious search o f  
m olecular p ro p e rtie s  to f in d  c o rre la t io n s  u ith  i_n vivo a c t iv i t y  
which m ight e ith e r  in d ic a te  a c r i t i c a l  b ind ing mechanism, or t ra n s fe r  
a tte n t io n  to  pharm acokinetic d is c r im in a t io n .
Reference (414) gives re s u lts  o f the IS , FS, MET, MAX, MIN and 
CAT te s ts  fo r  33 non-lactam  ch lo rd iazep o xid e  analogues and 127
1 .4 -b en zo d iazep in -2 -o n es . From the l a t t e r  group, 115 had the usual
double bond between N4 and C5, w h ile  a fu r th e r  12 were sa tu ra ted  a t  these
atoms* Because o f the s u b s ta n t ia lly  d i f fe r e n t  7-membered r in g  s tru c tu re s
o f the lactam  and non-lactam  types, i t  was considered necessary to
t r e a t  each type as a separate  s e r ie s *  In  th is  way, the atoms o f the
7-membered r in g  could in  each case be tre a te d  as common atoms w ith in
the s e r ie s *  In  1975, X -ray  geometries were on ly  a v a ila b le  fo r
(4 5 0 -2 )1 .4 -b en zo d iazep in es  o f the lactam  type . In  any case many o f
the 33 non-lactam s have very low drug a c t iv i t i e s .  A tte n tio n  has th e re ­
fo re  been r e s t r ic te d  to 1 ,4 -b en zo d iazep in -2 -o n es  in  th is  s tudy.
(4 5 1 -2 )X -ray  data are a v a ila b le  fo r  both the unsaturated and the
(450)4 .5 -d ih y d ro  types o f 1 , 4 -b en zo d iazep in -2 -o n e . However, as s ta ted
above, data  are on ly  a v a ila b le  fo r  12 s a tu ra ted  compounds. Three o f  
these are in a c t iv e  in  the IS ,  FS and CAT te s ts .  A c t iv i t ie s  o f the  
rem aining nine are g e n e ra lly  low , and none are o f  c l in ic a l  in t e r e s t .  
A tte n tio n  has th e re fo re  been fu r th e r  re s t r ic te d  to the unsaturated
1 ,4 -b en zo d ia ze p in -2 -o n e s . From the rem aining 115 compounds, 5 compounds 
w ith  S bonded to  C2 ra th e r  than 0 ( th io n e s ) , and 4 compounds w ith  
s u b s titu e n ts  o th e r than phenyl or p y r id y l attached to C5 have been 
su b trac ted , a l l  on the grounds o f  low a c t iv i t y .  The rem aining 106 
compounds described in  re fe ren ce  (414) a l l  conform to the general 
p a tte rn  o f s u b s t itu t io n  in d ic a te d  in  f ig u re  5 .7 .  Here the f lo a t in g  
s u b s titu e n ts  X and Y may each rep resen t up to 2 a c tu a l s u b s titu e n ts  
in  the a p p ro p ria te  r in g .  Furtherm ore, Y is  assigned the a b i l i t y  to  
convert a r in g  carbon in to  a p y r id in e -ty p e  n itro g e n .
From the d e s c r ip tio n  o f benzodiazepine metabolism given above, i t  
is  c le a r  th a t  the nature  o f R1 and R3 c r i t i c a l l y  determ ines the manner 
and ra te  o f m etabolism . I f  R1 =He, then m etabolic  replacem ent o f
Figure 5 .7 .  S u b s titu te d  1 .S -d ih y d ro -S -p h e n y l-Z H -l» 4 -b e n zo d ia ze p in -  
2-one.
th is  group by H takes p lace* I f  R3 = H, then C 3 -h yd ro xy la tio n  occurs
(448)abundantly . However, from the p ers is ten ce  o f oxazepam in  mouse b lood ' ' 
and from the f a i lu r e  o f anyone to re p o rt m etab o lites  doubly hydroxyla ted  
a t  C3, i t  is  c le a r  th a t m ono -su b stitu tio n  impedes fu r th e r  C 3 -h y d ro x y la tio n . 
This impedance is  probably s t e r ic .
The argument a g a in s t in c o rp o ra tin g  in to  the same MOREG s e rie s  
molecules having R3 ^ H and m olecules having R3 = H is  the same as 
th a t  ag a in s t ta k in g  molecules u ith  R1 ^ H a longside the co rrespond ing ly  
u n su b stitu ted  m olecules. The problem caused by such com binations may 
be i l lu s t r a t e d  by a s im p lify in g  a b s tra c tio n . Consider a s e rie s  o f  
in t r in s ic a l l y  in a c t iv e ,  R1 = CH  ^ compounds, converted to a c t iv e  species  
by m etabo lic  N l-d e m e th y la tio n . The best tuo-independent v a r ia b le  
m u ltip le  reg ress io n  might r e la te  drug a c t iv i t y  to  one v a r ia b le  which
acts as an index o f the ra te  o f  i_n vivo dem ethylation  and to a second
v a r ia b le  uhich acts  as an index o f the in t r in s ic  a c t iv i t y  o f the
dem ethylated species* For a compound u ith  no N1-methyl group from the  
o u ts e t, the f i r s t  o f these v a r ia b le s  uould obviously  be bogus as a 
p a r t -p re d ic to r  o f  drug a c t iv i t y  and i t s  use in  the reg ress io n  uould lead  
to a d is to r te d  es tim ate  o f  the drug a c t iv i t y  o f th is  compound*
62 o f the 106 compounds o f the type shoun in  f ig u re  5*7 fo r  uhich
data are a v a ila b le  in  re fe re n c e  (414) are u n su b stitu ted  in  the 1 and
3 p o s itio n s * Through the argument given above th e re  is  strong m o tiv a tio n  
to r e s t r i c t  a t te n t io n  to  these 62 compounds* Included in  the rem ainder, 
houever, are 13 compounds u ith  R1 = CH  ^ and R3 = H. The ra te  o f  
m etabo lic  dem ethyla tion  should be o f equal im portance to the i j i  v ivo  
a c t iv i t y  o f a l l  13 compounds and th ere  is  ju s t i f ic a t io n  fo r  t r e a t in g  
them as a separate  s e rie s  in  q u a n tita t iv e  s tru c tu re  a c t iv i t y  s tu d ie s *  
Inc luded  in  th is  s e rie s  are the c l in ic a l l y  im p o rtan t drugs diazepam, 
flu n itra ze p b m  and nimetazepam.
By v ir tu e  o f the s tru c tu ra l c o n s tra in ts  o u tlin e d  above, i t  may a t  
th is  stage be made c le a r  uhy the author has not d e a lt  d i r e c t ly  u ith  
c l in ic a l  drug a c t iv i t i e s  in  th is  s tudy. Of the 21 compounds shoun in  
ta b le  5.1 fo r  uhich potencies in  man are a v a ila b le ,  15 are o f the  
s tru c tu ra l  type shoun in  f ig u re  5 .7 .  Of these, 6 have R1 = R3 = H, 
u h ile  5 have R1 = CH„ and R3 = H. C o rre la tio n s  obtained fo r  se ts  o fJ
f iv e  or s ix  data  seldom have much s ig n if ic a n c e .
R eturn ing to a c t iv i t ie s  in  the IS , FS, MET and CAT te s ts , many o f  
the compounds described in  re fe ren ce  (414) are on ly  a c tiv e  a t  a knoun 
degree in  one or tuo o f these te s ts .  In  the rem aining te s ts  e ith e r  
the compound is  in a c t iv e  or the a c t iv i t y  has not been measured.
Maximum economy in  the m olecular o r b i ta l  c a lc u la t io n s  is  obta ined  i f  
i t  is  p o ss ib le  to  use the in d ice s  obta ined fo r  every m olecule in  the
regression s fo r  each type o f drug a c t iv i t y .  Thus, as a f in a l  c o n s tra in t  
on the data  base, o n ly  compounds a c tiv e  a t  a knoun degree in  a l l  fo u r  
te s ts  are considered in  th is  s tu d y . R e fe rr in g  to f ig u re  5 .7 ,  th is  
leases 21 compounds u ith  R1 = R3 = H and 12 compounds u ith  R1 = CH
3
and R3 = H. These, -tuo se rie s , are  l is te d , in.. ta b le s . 5 .3 , and 5 .4  
re s p e c t iv e ly . (T ab le  5 .3  conta ins tuo a d d it io n a l compounds.)
Method.
E stim atio n  o f atomic c o -o rd in a te s .
O C o-ord inates  based on the
X -ray  geometry o f d ia z e p a m ^ ^ .
® As above, except uhere  
s u b s t itu t io n  is  re q u ire d , 
in  uhich case standard bond 
param eters used to  f i x  p o s it io n  
u ith  resp ec t to u h ite  atoms.
•  C o-ord inates  determ ined in
the o p tim is a tio n  o f  a d ih e d ra l 
angle o f a group u ith  resp ec t 
to  u h ite  atoms.
F ig u re  5 .8 .  Code f o r  e s t im a t io n  o f  a tom ic  c o - o r d in a te s .
The geomtry o f  diazepam i n  i t s  c r y s t a l l i n e  s ta te  has been e l lu c id a t e d  
(451)by X-ray  a n a ly s is '  . Roughly speaking,  the seven membered r i n g ,  B,
adopts a boat conformation,  with atom C3 ra ised  above the plane o f  the
benzo nucleus A, as in d ic a te d  i n  f ig u r e  5 , 0 .  Proton NMR studies
focussed on the C3 methylene proton peaks i n d i c a t e  very l i t t l e  in v ers io n
(453)o f  r in g  B a t  room temperature • As the temperature i s  increased
to 150°C, the AB spectrum converges to a s in g le  peak, i n d i c a t i n g  rap id
in v e rs io n  a t  t h i s  temperature# On the evidence a v a i l a b le  i t  has appeared
reasonable to take the p a r t  o f  the molecule consis t ing  o f  r ings  A and
B to be r i g i d  under ph y s io lo g ic a l  condi t ions  and to est imate  i t s
(451)geometry from the X-ray  data •
Single  NMR peaks f o r  the protons o f  the 1-methyl  and 5-phenyl  
(453a)groups o f  diazepam' y i n d i c a t e  t h a t  these groups r o t a t e  r a p i d l y ,  
about the N1-C10 and C5-C11 bonds r e s p e c t iv e ly ,  even a t  room temperature#  
Molecu lar o r b i t a l  work i s  r e s t r i c t e d  here to a s in g le  geometry f o r  each 
molecule and so the rotameric  conformations chosen f o r  the 1-methyl  and 
5-phenyl groups are those o f  lowest  energy as ca lc u la ted  by the CNDO/2 
MO method# Bond lengths  and bond angles to the methyl protons have 
been averaged over the corresponding values i n  the X-ray s t ructure#  
Rotation  o f  a then symmetrical  methyl  group about N1-C10 has given an 
energy minimum a t  a t o r s io n a l  angle displaced by only 6*4° (c lockwise  
look ing  from N1 to C10) from the X-ray  p o s i t io n .  Although determined  
in  c a lc u la t io n s  on diazepam, t h is  conformation f o r  the 1-methyl  group 
has been used f o r  a l l  benzodiazepines shoun i n  ta b le  5,4# Using the  
X-ray N1-C10 bond as a d i r e c t i o n  vector, the hydrogen atom, uhich rep laces  
methyl f o r  a l l  compounds shoun i n  ta b le  5 .3 ,  has been pos i t ioned  1*01 A 
from N1 •
The geometry o f  phenyl r in g  C has been taken p lanar  u i t h  bond angles
and bond lengths averaged from the experimental  ones i n  such a uay 
t h a t  2 - f o l d  symmetry about the C1, -C4* vector  i s  achieved. The 
placement o f  subst i tuen ts  on r in g  C appears to a f f e c t  s u b s t a n t i a l l y  
i t s  p re fe r re d  t o r s io n a l  angle .  Using demethyldiazepam as the parent  
species,  the p re fe r re d  conformation has been c a lc u la ted  f o r  every type  
of  C - r in g  s u b s t i tu e n t  encountered i n  t h is  study.  Values o f  d ih e d ra l  
angle C2*-C1! -C5-C12 uhich c h a rac te r is e  these conformations are given  
i n  ta b le  5 . 2 .  They may be compared u i t h  the value 25*5° observed in  
the diazepam c r y s t a l ^ ^ ^ .
Table 5.2  also gives the corresponding d ihedra l  angle N2 * -C1* -C 5-C 11 
o f  a p y r id y l  group attached to C5 a t  i t s  2 - p o s i t io n .  The p lanar  
geometry used f o r  t h i s  group has been taken from re fe rence  (2 6 9 ) .
Bond angle N2‘ - C 1 , -C5 i s  taken as h a l f  the angle e x te rn a l  to N21—C l f- C 6 f •
Standard bond p a r a m e te r s ^ 46* ^ ^  have been used to f i x  the p o s i t io n s  
of subst i tue n ts  on r ings  A and C. The s u b s t i tu e n t  conformation
i s  taken to be t e t r a h e d r a l  about N u i th  each methyl group placed the
same dis tance above the plane o f  r in g  A. The -SOCH s u b s t i tu e n t  i s
3
given the same geometry as i n  dimethyl  s u l p h o x i d e ^ ^ ^  u i t h  the methyl  
carbon i n  plane and oxygen above i t .  The -S0_CH„ s u b s t i tu e n t  i s  givenZ J
the same geometry as i n  dimethyl  s u lp h o n e ^ ^ ^  u i t h  the methyl group 
above the plane o f r in g  A and the oxygens e q u id is ta n t  belou i t .  The 
geometry o f  the s u b s t i tu e n t  i s  taken as te t r a h e d r a l  about C u i t h
one f l u o r i n e  atom i n  plane.  In  a l l  other  s u b st i tu e n ts ,  atoms o ther  than 
hydrogen are taken to l i e  in  the plane o f  the p a r t i c u l a r  phenyl r i n g ,
A or C. The s u b s t i tu e n t  -SC^H^ assumes a p lanar  Z conformation.
Receptor p o in ts .
For reasons o f  economy these have been l i m i t e d  to 14 possib le
Table  5.2
CNDO/2 Optimum Dihedra l  Angles fo r  Ring C in  s ubst i tu ted  
demethyldiazepams.
S ubs t i tuen t  T c 2 ' - C 1  '-C5-C12
©
unsubs. 96*9
2»-F 38*2°
3 «-F 99*4°
2 ’ - C l  7*9*
2 ’ -0CH3 9*0°
2 ' - B r  11*1°
2 !-CH3 64-5®
2 ’ -CF3 38*7°
r in g  C = p y r i d y l ,  301*2°
u i th  f\l i n  2' p o s i t .
4»-F 9 8 *2 °
re ac t io n  s i t e s  i n  the environment o f  atoms i n  r in g  B. A l l  receptor
O
points  l i e  1 A from the "proximate atom" the precise  p o s i t io n  being 
given belou.  The terms "above" and "belou" r e f e r  to d i r e c t io n s  a t  
r i g h t  angles to the plane o f  the paper i n  f ig u r e  5 *6 ,
Receptor
Point
Proximate
Atom
D e t a i ls  o f  Po s i t io n
P1
P2
P3
P4
P5
P6
P7
PB
P9
P10
P11
P12
P13
011
011
011
011
011
N1
N1
C2
C2
N4
N4
C5
C5
c o l in e a r  u i t h  the C2 and 011* 
ZP2-011-C2 = 90° ,  d ih e d ra l  angle
P2-011-C2-N1 = 180° 
"  "  s  0 °
u ii _ 270°
ii ii = goc
above N1 on a l i n e  perp. to plane  
(C13,N1,C2) passing thru.  N1 • 
belou N1 on a l i n e  perp. to plane  
(C13,N1,C2) passing thru. N1 • 
above C2 on a l i n e  perp. to plane  
(N1,C2,C3) passing thru.  C2. 
belou C2 on a l i n e  perp. to plane  
(N1,C2,C3) passing thru.  C2. 
above N4 on a l i n e  perp. to plane  
(C3,N4,C5) passing thru.  N4# 
belou N4 on a l i n e  perp. to plane  
(C3,N4,C5) passing thru.  N4* 
above C5 on a l i n e  perp. to plane  
(N4,C5,C12j  passing thru. C5. 
belou C5 on a l i n e  perp. to plane  
(N4,C5,C12) passing thru. C5*
Receptor
P o in t
Proximate
Atom
D e t a i ls  o f  p o s i t io n .
P14 N4 on a l i n e  i n  the plane (C3,N4,C5)  
passing through N4 and b isec t in g  
e x te rn a l  3-N4-C5.
nOREG c a lc u la t io n s  have been performed separa te ly  on the f i r s t  21 
benzodiazepines contained i n  ta b le  5*3 and on the s er ies  contained i n  
t a b le  5 *4 .  A f t e r  ob ta in ing  regressions f o r  each ser ies  s e p a ra te ly ,  
data have been pooled to ob ta in  t e n t a t i v e  regressions spanning a l l  33 
molecules.  For both the separate and combined data s e ts ,  the a b i l i t y  
of  a given v a r ia b le  to exp la in  the v a r i a t i o n  i n  a l l  fo u r  drug a c t i v i t i e s  
has been assessed, t h i s  being character ised  by the mean o f  the  
determination c o e f f i c i e n t s  ( r  ) o f  the fo u r  simple regressions u i th  
th is  as the independent v a r ia b le .
Consider a s i t u a t i o n  uhere ue observe m d i s t i n c t  q u a n t i t i e s ,  y^,  
i  = 1 . . . . . m ,  a t  each value o f  the independent v a r i a b l e ,  x.  Associated  
u i th  each dependent v a r i a b l e ,  y^, i s  a sum o f  squared de v ia t io n s  about  
the mean, y^, denoted SS1 . Considering the l e a s t  squares regress ion  
of  y^ on x, ue a lso have the sum o f  squared d ev ia t ions  determined 
from the regress ion  equation ,  denoted SS^ • The de terminat ion  c o e f f i c i e n t  
of  the i t h  regress ion i s  given by:
r . 2 = SS1 /SS1 l  reg
I f  the data uere compat ib le,  ue could express the determ inat ion  c o e f f i c i e n t  
fo r  a l l  m sets combined as:
I f  the data sets uere not d i r e c t l y  compat ib le,  ue might make use o f
“ 2weighting f a c t o r s ,  u^, to de f ine  a q u o t ie n t  r  :
2r  =
m . m
^  u. SS1 /  £  u. SS1 ( 5 , 1 )
1  req .*S 1  v '. . reg  „i=1 a i=1
I f  the i n c o m p a t i b i l i t y  i s  associated u i t h  d i f f e r e n t  amplitudes of  
v a r i a t i o n  over the given x space, then an appropr ia te  choice o f  
weight ing f a c t o r  i s :
u. = 1/SS1 <5 .2 )
S u b s t i tu t in g  f o r  u^ i n  expression ( 5 . 1 ) ,  ue have:
m
^  ss 1 / s s 1
2 i = i  resr  =
^  s s V s s 1
i=1
>  2^  r  /m ( 5 . 3 )
i=1
This j u s t i f i e s  the use o f  the simple mean o f  de terminat ion  
~2c o e f f i c i e n t s ,  r  , to measure the a b i l i t y  o f  a given independent  
v a r ia b le  to e x p la in  the v a r i a t i o n  i n  a l l  fo ur  drug a c t i v i t i e s .
Associated u i t h  r  i s  the root-mean-squared c o r r e l a t i o n  c o e f f i c i e n t .
/~~2 2 ”""2
r  = . /  r  and the pseudo-F-value,  F* = (n -2 )  r  /  ( 1 - r  ) ,  uhere n rms v
i s  the number o f  data i n  each s e t .
Assuming t h a t  the a c t i v i t y  of  a given benzodiazepine i n  the IS ,  
FS, FiET and CAT te s ts  i s  produced by binding to the same p h y s io lo g ic a l  
receptor  ^uhich inc ludes the assumption t h a t  the receptor  in  the ca t  
has the same s t ru c tu re  as t h a t  in  the mouse), i t  i s  also i n t e r e s t i n g  
to f in d  out the a b i l i t y  o f  the p ro p e r t ies  o f  a given receptor  p o in t  to
e xp la in  the v a r i a t i o n  i n  a l l  four  drug a c t i v i t i e s .  U i th  re ference  to  
the regressions o f  each drug a c t i v i t y  on k p ro p e r t ies  o f  a given p o in t ,  
i t  i s  v a l i d  to use the mean determination c o e f f i c i e n t  as an index o f
t h is  a b i l i t y .  I n  t h i s  case, the expression f o r  the pseudo-F-value
—2 “ 2
becomes: F ! = ( n - k - 1 )  r  /  k ( 1 - r  ) •
Results and discussion.
R1 = H s e r ie s .
Calcu la ted  ind ices  f o r  the molecules i n  t h is  s er ies  are presented i n  
t a b le  5 .3 .  The fo l lo w in g  q u a n t i t i e s  from s t a t i s t i c a l  ta b les  are requ ired  
belou as s ig n i f ic a n c e  c r i t e r i a :
* $ ( 1 , 1 9 , 0
$
%
¥
0*1#) = 15*08 ^ ( 7 , 1 3 , 0 * 1 % ) = 7*49
0*25#) = 12*12 ( 0*25#) = 6*51
0*5#) = 10*07 ( 0*5#) = 5*25
1*0#) = 4*38 ( 1*0#). = 4*44
0*1#) = 10*39 ( -2*5#) = 3*48
0*25%) = 8*51 ( . 5*0#) = 2*83
0*1#) = 8*73 ( 10*0#) = 2*23
0*25#) = 7*21
0*5#) = 6*16
1*0#) = 5*19
2*5%) = 4*01
5 * 0^ o) = 3*20
10-0#) = 2*44
0*1%) = 7*94
0*25%) = 6*58
0*5%) = 5*64
1-0#) = 4*77
2 -5#) = 3*73
5*0#) = 3*01
10*0%) = 2*33
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Regressions obta ined from the data fo r  the f i r s t  21 molecules i n  ta b le
( 5 . 3 )  are considered under f i v e  sub-headings.
(1)  IS t e s t .
The best simple regressions u i th  pC( IS)  as the dependent v a r ia b le  
give a poor exp lana t ion  o f  i t s  v a r i a t io n :
( 5 . 4 )  pC = - 1 1 * 7  ( - 3 * 4 )  Ey (p14) + 12*4 (^3*4)  
and r  = 0*517; s = 0*413; F (1 ,1 9 )  = 11*70.
( 5 .5 )  pC = -2 0 * 7  ( - 6 * 5 )  V (p4) + 1*17 (±0*14)  
and r  = 0*591; s = 0*424; F (1 ,1 9 )  = 10*19.
( 5 . 6 )  pC = - 8 * 4  (^2*9 )  Ez (p4) -  29 (^10)  
and r  = 0*553; s = 0*438; F (1 ,19 )  = 8*35 .
( 5 .7 )  pC = - 4 * 8  (± 1*6 )  V2 (p5) + 1*31 (±0*19)  
and r  = 0*551; s = 0*439; F ( l ,19 )  = 8 * 2 7 .
The best four  tu o - v a r ia b le  regressions have s ig n i f ic a n c e  l e v e l s  close  
to 0*1$:
( 5 . 8 )  pC = -3 2 *2  ( - 9 * 9 )  q ( h6) -  1*87 (±0*41) V2 (p3) + 6*0 (± 1 - 1 )  
and r  = 0*737; s = 0*365; F (2 ,1 8 )  = 10*71.
( 5 . 9 )  pC = -3 3  (+3 0 )  Q(H6) + 5*7 ( - 1 * 3 )  V(p3) + 1 0 * 3 - ( ± 2 * 1 )  
and r  = 0*733; s = .0 *3 67 ;  .£(2,1-8) 10*46.
(5 .1 0 )  pC = - 7 * 4  ( - 2 * 8 )  f E(C12) -  28*1 (± 6*3 )  V2 (p4) + 2*49 (±0*51)  
and r  = 0*730; s = 0 * 3 6 9 ;  F (2 ,18 )  = 10*27.
(5 .1 1 )  pC = -34  ( i lO - )  q(H6) + 5*7 (± 1*3 )  V(p5) + 3*31 (^0*59)  
and r  = 0*728; s = 0*370; F (2 ,18 )  = 10*17.
The regression o f  pC(lS) on seven o f  the p ro p e r t ies  observed a t  
p7 has a s u b s t a n t ia l  c o r r e l a t i o n  c o e f f i c i e n t ,  but i s  only  s i g n i f i c a n t  
a t  a l e v e l  betueen 2*5% and 5 *0%:
(5 *12) pC = - 5 * 0  ( ± 9 -8 )  V + 3-1 (± 4*0 )  \J2 + 11*0 (±3*9 )  EpQl + 120 (±48) Ex 
-  107 ( - 4 1 )  Ey + 289 ( i i  12) Ez -  25*6 (± 9 -9 )  E2 -  1031 (1407)  
and r  = 0*803; s = 0*378; F (7 ,1 3 )  = 3*38 .
2S t a t i s t i c a l  s ig n i f ic a n c e  uould c l e a r l y  be improved by omitting V and V 
from regression ( 5 , 1 2 ) .
(2)  PS t e s t *
The best four  simple regressions u i t h  pC(FS) as the dependent 
v a r ia b le  have s ig n i f ic a n c e  l e v e ls  betueen 0*1^ and 0»25%:
( 5 .1 3 )  pC = -1 *6 6  (±0*44) E2 (pi  4) + 5*5 ( - 1 • 1 )  
and r  = 0*653; s = 0*388; F (1 ,1 9 )  = 14*13.
(5 .1 4 )  pC = - 5 * 0  (± 1*4 )  |E | (p 1 4) + 9*3 (± 2*1 )  
and r  = 0*646; s =0*391;  F (1 ,19 )  = 13*59.
(5 .1 5 )  pC = 11*1 (13*0)  Je| (p2) -  66 ( l l 9 )  
and r  = 0*643; s = 0*392; F(1 ,1 9 )  = 13*37.
( 5 .1 6 )  pC = 0*90 ( l o * 2 5 )  E2 (p2) -  32*2 (19*2)  
and r  = 0*642; s = 0*393; F (1 ,1 9 )  = 13*31.
Regression ( 5 .1 7 )  i s  s i g n i f i c a n t  a t  the 0*1/o l e v e l ,  u h i le  the  
remainder o f  the best four  tu o - v a r ia b le  regressions have s ig n i f ic a n c e  
l e v e l s  betueen 0*1/2 and 0*25^2:
(5 .1 7 )  pC = 0*64 ( lo * 1 7 )  06(C12) + 19*6 (±3*4 )  Ey (p8) -  112 (120)  
and r  = 0*814; s = 0*306; F(2 ,2B) = 17*67.
( 5 .1 8 )  pC = - 3 - 0 2  ( lo * 8 4 )  f E( 0 1 l )  -  0*362 ( lo *0 7 5 )  p + 3*01 (1o*31)  
and r  = 0*788; s = 0*324; F (2 ,1 8 )  = 14*76.
(5 .19 )  pC = 0*50 (10*16) a(C12) + 2*39 (±0*47) V(p10) + 56 (±19)
and r  = 0*784; s = 0*326; F (2 ,1 8 )  = 14*39.
( 5 .2 0 )  pC = 0*54 (10*17) tf(C12) + 0*321 ( l o * 063) V2 (p10) .+ 65 (121)
and r  = 0*783; s = 0*327; F ( 2 , 1 8 ) =  14*25.
The regression  o f  pC(FS) on seven o f  the p ro p e r t ies  observed a t  p7 
i s  s i g n i f i c a n t  a t  the 0*25% l e v e l :
(5 .2 1 )  pC = 1*1 (17 *5 )  \l + 0*78 (13 -08)  \}2 + 4*9 (13 -0 )  E ,pol
+ 113 (136) Ex -  104 (131) Ey + 283 (186) Ez
-  24*9 (17*6)  E2 -  1021 (131i )
and. r  = 0*8B4; s = 0*289; F ( 7 ,13)  = 6*65 .
u h i le  the corresponding regression on p ro p er t ies  observed a t  p9 has 
a s ig n i f ic a n c e  l e v e l  betueen 0*25/2 and 0*5%:
(5 .2 2 )  pC = -44  (175) V + 3*4 (15*7)  V2 + 6*8 (16*2)  EpQl
+ 2823 (1706) E -  2234 (1558) E + 3732 (1932) E
x y z
-  124 (131) E2 -  53915 (113370)  
and r  = 0*875; s = 0*300; F (7 ,1 3 )  = 6 *04 .
(3)  MET t e s t .
The best four  simple regressions u i th  pC( HET) as the dependent  
v a r ia b le  have s ig n i f ic a n c e  le v e ls  close to 0*5%:
( 5 .2 3 )  pC = -0 *062  (10*019) p 2 + 2*80 ( lo * 1 8 )  
and r  = 0*609; s = 0*470; F (1 ,1 9 )  = 11*20.
(5 .2 4 )  pC = - 0 * 2 1 T (±0*067) U2 ( p i 4) + 6*75 ( i l -41)  
and r  = 0*585; s = 0*481; F ( 1 ,19 )  = 9*92 .
(5 *25)  pC = 1*37 (± 0*44)  V (p 1 l )  -  3*80 (±1*-97) 
and r  = 0*582; s = 0*482; F (1 *19)  = 9*71 .
(5 *26) pC = 1*89 (± 0*61)  V(p14) + 1 1*0 (±2 *8 )  
and r  = 0*579; s = 0*484; F (1 ,1 9 )  = 9*56 .
The best fo ur  tw o -v a r ia b le  regressions a l l  invo lve  the mean 
molecular p o l a r i z a b i l i t y  and are a l l  s i g n i f i c a n t  a t  the 0*1^ l e v e l :
(5 *27)  pC = -0 *3 2 0  ( i p * 067) + 13*0 (± 2*3 )  E (p8)_ -  117 (±22)
and r  = 0*831; s = 0*339; F (2 ,1 8 )  = 20 .0 5 .
(5 *28) pC = -0 *3 16  (“ 0#072)<^mQl + 0*0396 (±0*0078) E2 ( p 1 l )  -  7*7 (±3*6)  
and r  = 0*803; s = 0*363; F (2 ,1 8 )  = 16*34.
(5 *29)  pC = -0 *3 1 5  (±0*072) 0 ^  + 1*77 (±0*35) |e J ( P11) -  27*4 (±7*2 )
and r  = 0*803; s = 0*363; F (2 ,1 8 )  = 16*33i
(5 *30)  pC = -0 *2 9 4  (±0*070) -  18*4 (± 3*6 )  0£(C2) -  2044(±404)
and r  = 0*802; s = 0*364; F (2 ,1 8 )  = 16*27.
The regressions o f  pC(MET) on spec ia l  combinations o f  receptor  
p o in t  p ro p e r t ies  are d isappo in t ing .  Regression ( 5 . 3 1 ) ,  i n v o lv in g  the  
p ro p e r t ies  o f  p9, i s  s i g n i f i c a n t  a t  the 5% l e v e l :
(5 . 3 1 )  pC = 42 (±111) V -  3*2 (± 8*5 )  V2 + 1*9 (±9*2 )  Epol
+ 2234 (±1043) E -  1768 (±824) E + 2956 (±1376) E 
x y z
-  99 (±46) E2 -  42884 (±19750)  
and r  = 0 * 7 8 6 ;  s = 0*444; F (7 ,13 )  = 3*00 .
whi le  the corresponding regression in v o lv in g  the p ro p e r t ies  o f  p7 has a 
s ig n i f ic a n c e  l e v e l  between 5% and 10/S:
(5 .3 2 )  pC = 8*1 (± 1 2 -1 )  \I -  1*9 (±5*0 )  V2 + 5*2 (±4*8 )  E 'pol
+ 35 (±59)  Ex -  35 (±50) Ey + 105 (±138) Ez
-  9-1 (±12*3)  E2 -  356 (±502)
and r  = 0*758; s = 0*467; F (7 ,1 3 )  = 2 *51 .
(4) CAT t e s t .
The best four  simple regressions wi th pC(CAT) as the dependent 
v a r ia b le  are a l l  s i g n i f i c a n t  a t  the 0*1^ l e v e l :
(5 .3 3 )  pC = - 2 * 0 7  (±0*49) E2 (p14) + 8*2 (± 1*2 )
and r  = 0*697; s = 0*429; F (1 ,1 9 )  = 17*92.
(5 .3 4 )  pC = - 6 * 3  (±1*5 )  lE i(p14) + 13*0 (±2*4)  
and r  = 0*692; s = 0*432; F ( 1 ,19 )  = 17*44.
(5 *35)  pC = 13*8 (± 3*3 )  |e | (p2) -  81*4 (±20*4)  
and r  = 0*689; s = 0*434; F (1 ,1 9 )  = 17*16.
(5 .3 6 )  pC = 1*13 (±0*27)  E2 (p2) -  39 (±10)  
and r  = 0*688; s = 0*434; F (1 ,1 9 )  = 17*10.
as are the best four  t u o - v a r ia b le  regressions:
(5*37)  pC = 0*72 (± 0*18)  G£(C12) + 23*5 (± 3*7 )  E (pB) -  138 (±21)
and r  = 0*849; s = 0*324; F (2 ,1 8 )  = 23*32.
(5 *38) pC = -1 4 * 4  (±4*5 )  Q(C6) + 22*3 (± 4*2 )  Ey(p8) -  217 (±41)  
and r  = 0*811; s = 0*359; F (2 ,1 8 )  = 17*33.
(5 .3 9 )  pC = 269 (±57) Er _ u -  23*4 (± 4*1 )  E (p14) + 5412 (±1150)Lo—n y
and r  = 0*807; s = 0*363; F (2 ,1 8 )  = 16*74.
(5 .4 0 )  pC = 0*58 (± 0*19)  C*(C12) + 0*377 (±0*070) U2 (p10) + 72 (±23)
and r  = 0*804; s = 0*366; F (2 ,1 8 )  = 16*42.
The best regressions o f  pC(CAT) on seven receptor  p o in t  p ro p e r t ie s  
are not so s i g n i f i c a n t .  The regression in v o lv in g  seven p ro p e r t ie s  o f  
p9 has a s ig n i f ic a n c e  l e v e l  between 1% and 2 * 5%:
(5 *41)  pC = -36  (±101) V + 2*9 (± 7*7 )  V2 + 1*7 (± 8*4 )  Epol
+ 2 4 6 5  (±948) Ex -  1956 (±749) Ey + 3267 (±1251) Ez
-  109 (±42) E -  47158 (±17962)  
and r  = 0 * 8 3 0 ;  s = 0*403; F (7 ,1 3 )  = 4*11.
as does the corresponding one in v o lv in g  p7 p rope r t ies :
( 5 .4 2 )  pC = - 3 * 7  (±10*5)  V + 3*0 (± 4*4 )  V/2 + 5*2 (±4*2)  EpQl
+ 85 (±51) E -  79 (±44) E + 220 (±121) E 
_x y z
-  19 (±11) E2 -  780 (±439)  
and r  = 0*825; s = 0*408; F (7 ,1 3 )  = 3*96 .
However, a regression  o f  pC(CAT) on four  o f  the p ro p e r t ie s  observed a t  
p12 has a s ig n i f ic a n c e  l e v e l  only s l i g h t l y  above 0*1^:
(5 *43)  pC = 2*99 (± 0*66)  \} -  2*32 (± 0*83)  Ex -  0*62 (±0*51) Ey 
+ 3*18 (±0*67) Ez + 16*8 (±18*2)  
and r  = 0*811; s = 0*381; F (4 ,1 6 )  = 7*71 .
(5 )  General a c t i v i t y .
The s in g le  independent v a r ia b le  which gives the best explanat ion  
o f  the v a r i a t i o n  i n  a l l  four  drug a c t i v i t i e s ,  i . e .  the l a r g e s t  mean 
determinat ion  c o e f f i c i e n t ,  i s  p t the d ipo le  moment modulus. The 
p e r ta in in g  s t a t i s t i c a l  parameters are:  r  = 0*324; r rms = 0*569;
F f ( l , 1 9 )  = 9 *10 .  The F* value in d ic a te s  an o v e r a l l  s ig n i f ic a n c e  
l e v e l  between 0*5% and 1%,
The regressions o f  each drug a c t i v i t y  on p  are given below:
( 5 .4 4 )  pC(IS) = -0 *2 5  (±0 -10 )  y  + 1-51 (±0 -2 8 )  
and r  = 0-500; s = 0 -455; F (1 ,1 9 )  = 5 -33 .
(5 .45 )  pC(FS) = -0 -2 9 5  (±0-093) y  + 2-18 (±0-26)  
and r  = 0-589;  s = 0-414; F ( 1 ,19 )  = 10-08 .
(5 .4 6 )  pC(PIET) = - 0 - 3 3  (±0-11 )  j j  + 3-18 (±0-30 )
and r  = 0-569; s = 0-488; F ( 1 ,19)  = 9 -10 .
(5 .4 7 )  pC(CAT) = -0 - 3 6  (±0-11 )  y  + 4-06 (±0-30 )
and r  = 0-612; s = 0-478;  F ( 1 ,19 )  = 11-39 .
Note t h a t  the s values o f  these regressions are not d i r e c t l y  comparable 
because o f  the d i f f e r i n g  standard de v ia t ions  of  the four  drug a c t i v i t i e s .  
The F-values  i n d i c a t e  s ig n i f ic a n c e  le v e ls  in  the range 0*25% to 1j£.
The s i m i l a r i t y  o f  the slopes o f  regressions (5 -44 )  to (5 -47 )  suggests
a genuine l i n k  between general CMS a c t i v i t y  and j^ . However, the mechanism
of  t h i s  l i n k  i s  f a r  from c le a r  since the slopes are negat ive .
The negat ive  slopes in d ic a te  t h a t  the lower the f a c i l i t y  f o r  
Keesom and Debye in t e r a c t io n s  o f  a given benzodiazepine,  the h igher the  
drug a c t i v i t y .  Inertness  to po lar  in t e r a c t io n s  might p o s i t i v e l y  
in f lu e n c e  drug a c t i v i t y  by increas ing  the ease o f  t ra n s p o r t  to the  
receptor  s i t e .  The argument t h a t  drug a c t i v i t y  w i th in  the ser ies  i s  
determined by b i o a v a i l a b i l i t y  i s  countered,  however, by the fo l lo w in g  
fa c ts :
(1)  The l i p o p h i l i c  su b s t i tu e n t  constant ,  t t ,  has n e g l ig ib le  c o r r e l a t i o n  
with each drug a c t i v i t y .
(2) The drug a c t i v i t y  v a r i a t i o n  in  s im i la r  s er ie s  of  benzodiazepines  
may be expla ined in  terms o f  a f f i n i t y  o f  s p e c i f i c  binding to mammal
, . . . ( 4 3 7 ,4 39 ,441 ,443 ,44 6 )b r a i n  synaptosomal  membranes' '
I t  i s  possib le  t h a t  whi le  a benzodiazepine molecule i s  being
r e v e r s ib l y  bound to i t s  receptor  by p e r ip h e ra l  po lar  i n t e r a c t i o n s ,  such
as hydrogen bonding, there  i s  an e n e r g e t i c a l l y  unfavourable i n t e r a c t i o n
between the net molecular d ipo le  moment and the e l e c t r i c  f i e l d  due to the
re cep to r .  Ue know from the great  s t r u c t u r a l  s p e c i f i c i t y  required f o r
drug a c t i v i t y  t h a t  the benzodiazepine molecule ne ce ssa r i ly  adopts a
s p e c i f i c  o r i e n t a t i o n  r e l a t i v e  to i t s  re cep tor ,  i n  binding to i t .  By
v i r t u e  o f  t h is  o r i e n t a t i o n ,  the e l e c t r i c  f i e l d  due to the receptor  has
a defined d i r e c t i o n  with  respect to the re fe rence frame based on the
common atoms o f  the s e r ie s .  The energy o f  i n t e r a c t i o n  between the f i e l d
and the molecular d ipo le  i s E  u + E u + E u • I f  a simple LFER i sx r x y ' y z r z
adequate to exp la in  drug a c t i v i t y ,  we expect the l e a s t  squares c o e f f i c i e n t s
appearing i n  a regression  o f  pC on ip x »yy»}Jz ) -‘■n *^"»e r a t i o  E ^ E ^ l E ^
The regressions a c t u a l l y  obtained are given below:
(5 .48 )  pC(lS) = 0 1 8 9  (±0*085) p  + 0*11 (±0*12) p -  0*010 (±0*084) pX y z
+ 1*16 (±0*84)  
and r  = 0*503; s = 0*480; F (1 7 ,3 )  = 1*92 .
(5 *49)  pC(FS) = 0*180 (±0*073) ^  + 0*011 (±0*103) jj -  0 *142(±0*072)  p z 
+ 1*83 (±0*16) . 
and r  = 0*654; s = 0*410; F (1 7 ,3 )  = 4 * 2 3 .
(5 .5 0 )  pC(NET) = 0*220 (±0*089) p  -  0*12 (±0*13) p -  0 * 0 6 6 (± 0 *088) px y z
+ 2*77 (±0*19)  
and r  = 0*601; s = 0*501; F (17 ,3 ) . .=  3*20 .
(5 .51 )  pC(CAT) = 0*232 (±0*074) p^  -  0*056 (±0*104) p^ -  0* 186(±0*073) p^
.+ 3*69 (±0*16)  
and r  = 0*753; s = 0*416; F (1 7 ,3 )  = 7*41 .
Uith  re ference  to the dismal s ig n i f ic a n c e  l e v e ls  of  some of  these 
regressions,  i t  should be pointed out t h a t  the s in g le  component which 
i s  a p r o je c t io n  o f  p onto the vector  ( t e n t a t i v e l y  i d e n t i f i e d  wi th the 
receptor  e l e c t r i c  f i e l d )  wi th d i r e c t io n  cosines in  the same r a t i o  as 
the c o e f f i c i e n t s  o f  y ^ t y ^  and y ^ f gives i n  each case a simple regression  
with the same c o r r e l a t i o n  as the m u l t ip le  one but with enhanced 
s ig n i f ic a n c e  : F( 1 ,1 9 )  = 3x19/17 x F ( 3 , 1 7 ) .
A d i f fe r e n c e  i n  the r a t i o  o f  the c o e f f i c i e n t s  i n  going from the IS ,
FS and MET regressions to regression (5 .5 1 )  might be expla ined in  terms 
of  a s t r u c t u r a l  d i f f e r e n c e  between the benzodiazepine receptor  i n  the  
mouse and t h a t  in  the c a t .  However, the r a t i o  i s  c l e a r l y  f a r  from 
constant in  regressions (5 ;48 )  to (5 .5  2) .  In  f a c t ,  the s ig n i f ic a n c e  
of  the py  and y  ^ contr ibutons in  these regressions,  as determined by the  
t - t e s t ,  i s  g e n e ra l ly  low. I t  i s  thereby possible  to ascr ibe  the 
v a r i a t i o n  in  the r a t i o  o f  the c o e f f i c i e n t s  to random e r r o r .  Regressions
(5 .48 )  and ( 5 .5 1 )  are s t a t i s t i c a l l y  dominated by the y term, whi le  the  
term makes a s i g n i f i c a n t  c o n t r ib u t io n  to (5 .4 9 )  and ( 5 . 5 1 ) .  I f  our 
model i s  c o r r e c t ,  i t i s  l i k e l y  t h a t  the receptor  e l e c t r i c  f i e l d  has a 
major component i n  the +x d i r e c t i o n  and possible  t h a t  i t  has a substant ia l  
component i n  the - z  d i r e c t i o n .
Of the four teen  t e n t a t i v e  receptor  p o in ts ,  p7 i s  the most recom­
mended i n  the a b i l i t y  o f  seven o f  i t s  p ro p e r t ie s  to e xp la in  CNS a c t i v i t y  
g e n e ra l ly .  U i th  re fe rence to regressions ( 5 . 1 2 ) ,  ( 5 . 2 1 ) ,  (5 *3 2 )  and
( 5 . 4 2 ) ,  the s t a t i s t i c a l  parameters representing  th is  a b i l i t y  are:
p . -  0*761; r  = 0*819; F* ( 7 ,1 3 )  = 3 *78 .  These regressions do not  rms
simply in d ic a t e  t h a t  drug a c t i v i t y  i s  determined by ease o f  binding
to a moiety centred on p7, since p o s i t iv e  c o e f f i c i e n t s  appear wi th Fp0^
2and negat ive  ones wi th E .
The receptor  p o in t  second most recommended in  the a b i l i t y  o f  seven 
of i t s  p ro p e r t ie s  to exp la in  CMS a c t i v i t y  ge n era l ly  i s  p9. The
p e r ta in in g  s t a t i s t i c a l  parameters are:  ?2 = 0*649: r  = 0*805:rms
F ' ( 7 , 1 3 )  = 3 *43 .  The only regression  on seven p ro p e r t ies  o f  p9 uhich 
i s  not given above i s  t h a t  in v o lv in g  pC( lS ) :
(5..52) pC = 6*1 (±109*3 )  V -  0*25 (± 8*39)  \J2 + 10*4 (± 9*1 )  Epol  
+ 1515 (±1031) E -  1208 (±815) E + 2012 (±1361) E
x y z
-  67 (±45) E2 -  29142 {±19540)  
and r  = 0*723; s = 0*439; F (7 ,1 3 )  = 2 *03 .
In  t h is  regress ion ,  the c o e f f i c i e n t  o f  each second order  q u a n t i ty  has
the opposite sign from t h a t  required  i f  the hy p o th e t ic a l  moiety centred
on p9 i s  to be i d e n t i f i e d  u i th  the receptor  • Although the h ig h -e r r o r  
2
V c o e f f i c i e n t  i s  p o s i t i v e  in  regressions (5 .2 2 )  and ( 5 . 4 1 ) ,  E  ^ ar>d 
2E have c o e f f i c i e n t s  o f  enigmatic sign i n  a l l  four  regress ions.
The s e ve n-v ar ia b le  regressions fo r  a l l  14 receptor  points  are made 
d i f f i c u l t  to i n t e r p r e t  by the signs o f  the c o e f f i c i e n t s  appearing u i t h  
the second order v a r i a b le s .  Leaving out these v a r ia b le s ,  ue are l e f t  u i th  
regressions o f  drug a c t i v i t y  on V, Ex> Ey and E^. The. set  o f  v a r i a b le s ,  
V, Ex , Ey, E^, observed a t  p4 are best able to exp la in  CNS a c t i v i t y
g en era l ly :  r^ = 0*530; r rms= 0*728; F (4 ,1 6 )  = 4 *51 .  The i n d i v i d u a l
regressions are given belou:
(5 .5 3 )  pC(lS) = 10*4 (± 5*7 )  V -  27 (±13) Ex -  23 (±12) Ey + 4*3 (± 9 *8 )
+ 229 (±123)  
and r  = 0*684; s = 0*418; F (4 ,16 )  = 3*51 .
(5 .5 4 )  pC(FS) = 13*7 (± 4*8 )  V -  29 (±11) Ex -  15*4 (± 9*9 )  Ey
+ 23*7 (±8*3 )  Ez + 225 (±105)
and r  = 0*769; s = 0*357; F (4 ,16 )  = 5*78 .
( 5 .5 5 )  pC(MET).= 9*4 (± 6*6 )  M -  29 (±15) E -  8*1 (±13*5)  E
y
+ 19 (±11) Ez + 195 (±145)
and r  = 0*653;  s = 0*489;  F (4 ,1 6 )  = 2 *98 .
(5 .5 6 )  pC(CAT) = 13*8 (±5*3 )  V -  30 (±12) E -  12 (±11) E
x y
+ 26*1 (± 9*2 )  Ez + 246 (±116)  
and r  = 0*797; s = 0*394; F (4 ,1 6 )  = 6*95 .
The c o e f f i c i e n t s  and in te r c e p ts  o f  regressions (5 .53 )  to (5 .5 6 )  shou as
much consistency as can be expected,  given t h e i r  s u b s ta n t ia l  e r r o r s ,  and
given the d i f f e r i n g  means and standard dev ia t ions  of  the four  drug 
a c t i v i t i e s .  The regressions shou a broad range o f  s ig n i f ic a n c e  l e v e l s ,  
houever.
The values o f  V c a lcu la ted  a t  p4 are close to zero and f l u c t u a t e  in  
sign as the s u b s t i tu e n t  i s  var ied (see tab le  5 . 3 ) .  The p o s i t i v e  c o e f f i c i e n t s  
appearing u i t h  V in  regressions (5 .5 3 )  to (5 .5 6 )  in d ic a te  t h a t  the  
hy pothe t ic a l  moiety centred on p4 has a negative  net charge.  Taken in  
conjunct ion u i th  the f a c t  t h a t  the signs of  the e l e c t r i c  f i e l d  c o e f f i c i e n t s  
in d ic a t e  an e n e r g e t i c a l l y  unfavourable i n t e r a c t i o n  u i th  the d ipo le  o f  the  
moiety,  i t  seems necessary to conjecture  other  i n t e r a c t io n s  hold ing the  
drug to the rece p to r ,  these being o f  constant strength  u i t h i n  the s e r i e s .
I t  should be r e c a l l e d ,  houever, t h a t  the approximation used does tend to  
give e . p . ’ s uhich are too negative i n  the v i c i n i t y  of  D-atoms^2^ * 22^  •
I t  i s  possib le  the t rue  e .p .  a t  p4 i s  p o s i t i v e ,  making the i n t e r a c t i o n  
u i th  a n e g a t iv e ly  charged moiety e n e r g e t i c a l l y  favourab le .
R1 = CH  ^ s e r i e s .
Calcu la ted  ind ice s  fo r  the tue lve  molecules in  th is  se r ie s  are  
presented in  ta b le  5 .4 .  The fo l lo u in g  q u a n t i t i e s  from s t a t i s t i c a l  
tables  are required  in  th is  section as s ig n i f ic a n c e  c r i t e r i a :
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^ ( 1 , 1 0 , 0 * 1 ^ ) = 21*04 # ( 3 , 8 , 0 * 1 * ) = 15*83
^ ( 1 . 1  0,0*25/2) = 16*04 # ( 3 , 8 , 0*25J() = 11*98
gC(1 ,10,0*5g) = 12*83 # ( 3 , 8 , 0 * 5 * ) = 9*60
# ( 1 , 1 0 , 1 * 0 * ) = 10*04 ■§2(3,e,i-ojg) = 7*59
9 . 0 * 1 * ) ’= 16*39 # ( 3 , 8 , 5 * 0 * ) = 4*07
# 3 , B , 10*0 * ) = 2*92
Regressions obta ined from the data in  t h is  s er ie s  are considered under 
f i v e  subheadings. Because o f  the small number o f  data in  the s e r ie s ,  
regressions u i t h  more than three independent v ar iab les  are held to be 
s t a t i s t i c a l l y  unsound. In  p a r t i c u l a r ,  regressions of  drug a c t i v i t y  on 
spec ia l  combinations o f  p ro p e r t ies  o f  a given receptor  p o in t  are omitted.
(1)  IS t e s t .
The best fo ur  simple regressions u i t h  pC(lS) as the dependent  
v a r ia b le  have s ig n i f ic a n c e  le v e ls  betueen 0*25^ and 1*0^:
(5 .5 7 )  pC = 6*9 (± 1 *8 )  Eb i n d (C2) + 730 (±192)  
and r  = 0*768; s = 0*429; F(1 ,1 0 )  = 14*39.
(5 .5 8 )  pC = -1 4 *8  (± 3*9 )  E (p14) + 15*8 (± 3*9 )  
and r  = 0*766; s = 0*431; F (1 ,1 0 )  = 14*22.
(5 .5 9 )  pC = -0 *302  ( io * 0 8 3 )  p  + 1*87 ( lo * 2 7 )  
and r  = 0*753; s = 0*441; F (1 ,1 0 )  = 13*13.
(5 .6 0 )  pC = 6-1 (± 1 -7 )  En1_c2 + 199 (±55)  
and r  = 0*747; s = 0*445; F (1 ,1 0 )  = 12*64.
u h i le  the best t u o - v a r ia b le  regressions are s i g n i f i c a n t  a t  the 0*1^ l e v e l :
(5 .6 1 )  pC = 1*40 ( i o * 1 6 )  0i(C12) -  79*5 (± 9*6 )  Ep o l (p4) -  1? ( - 1 2 )
and r  = 0*946;  s = 0*229;  F ( 2 ,9 )  = 38*38.
( 5 .6 2 )  pC = 1 * 2 3  (±0*14)  0((C12) -  6 6 *1 (± 8 -1 )  Fp o l (p5) -  5*3 (± 11*5)
and r  = 0*945; s = 0*232; F ( 2 ,9 )  = 37*40 .
»
(5 .6 3 )  pC = 6*18 (±0*80)  + 0*213 (±0*031) V2 ( p 1 l )  + 222(±29)
and r  = 0*939; s = 0*244; F ( 2 ,9 )  = 33*33.
(5 *64)  pC = 3 * 0 6 . ( ± 0 * 6 3 )  EC12_ C13 + 0*321 (±0*046) y  + 114(±23)  
and r  = 0*939; s = 0*244; F ( 2 ,9 )  = 33*28.
(2 )  F5 t e s t .
The best four  simple regressions u i th  pC(FS) as the dependent 
v a r ia b le  are a l l  s i g n i f i c a n t  a t  the 0*1^ l e v e l :
(5 .6 5 )  pC = -0 *3 55  (±0*050) y  + 2*56 (±0*16)  
and r  = 0*915; s = 0*263; F (1 ,1 0 )  = 51*09.
( 5 .6 6 )  pC = 7-9 (± 1 *2 )  Eb i n d (C2) + 837 (±121)  
and r  = 0*909; s = 0*271; F (1 ,1 0 )  -  47*44.
(5 .6 7 )  pC = - 7 * 3  (± 1*1 )  Eb i n d ( 011) -  308 (±46)  
and r  = 0*904; s = 0*278; F (1 ,1 0 )  = 45*51.
(5 .6 8 )  pC = - 8 * 0  (± 1*2 )  Ez (p4) -  27*2 (± 4*3 )  
and r  = 0*903; s = 0*278; F (1 ,1 0 )  = 4 4 * 3 8 .
as are the best tu o - v a r ia b le  regressions:
(5 .6 8 )  pC = 2*54 (± 0*39)  FC12_C13 + 0*272 (±0*020) jj + 95 (±14)  
and r  = 0*977; s = 0*146; F ( 2 ,9 )  = 94*05.
(5 .6 9 )  pC = 0*369 (±0*058) 0^(C12) + 0 *28 6 (±0 *02 1 ) + 4B*7(±7*3)
and r  = 0*976; s = 0*148; F ( 2 ,9 )  = 91*40.
(5 *7 0 )  pC = -2 * 3 0  (± 0 -39 )  E0IND(C12) + 0-290(io ' .Q23) - 2 3 5 ( ± 4 1 )
and r  = 0*972;  s = 0 * 1 6 0 ;  F ( 2 ,9 )  = 78*27.
(5 *71) pC = -2 4 * 0  (±2*4 )  Ex (p14) -  1*27 (±0*11)  l/2 (p14) + 7*92 (±0*56)
and r  = 0*9-71; s = 0*163; F ( 2 ,9 )  = 75*11.
(3 )  MET t e s t .  ,
The best four  simple regressions u i th  pC(MET) as the dependent 
v a r ia b le  are not as impressive as the corresponding ones f o r  the FS t e s t .  
They are s t i l l  s i g n i f i c a n t  a t  the 0*1^ l e v e l ,  houever:
(5 .7 2 )  pC = -1317 (±236) q (C3) + 19*7 (±3*1)  
and r  = 0*870; s = 0*4-57; F (1 ,1 0 )  = 31*11.
(5 .7 3 )  pC = 18*6 (± 3*7 )  | e ] ( p2) -  111 (±23)  
and r  = 0*845; s = 0*496; F (1 ,10 )  = 24*90*
(5 .74 )  pC = 1*53 (± 0*31)  E2 (p2) -  54 (±11)  
and r  = 0*844; s = 0*496; F (1 ,10)  = 24*84 .  -
( 5 .7 5 )  pC = - 3 * 1 6 . ( ± 0 * 6 4 )  E2 (p14) + 10*2 (±1*6)  
and r  = 0*843; s = 0*498; F (1 ,1 0 )  = 24*62.
The four  best t u o - v a r ia b le  regressions,  a l l  o f  uhich are s i g n i f i c a n t  
a t  the 0*1^ l e v e l ,  inv o lv e  receptor  p o in t  p ro p e r t ie s  e x c lu s iv e ly  as 
independent v a r ia b le s :
(5 .7 6 )  pC = 12*7 (±1*7 )  V(p4) -  58 (±11) |e I ,(p9) + 1210 (±220)
and r  = 0*951; s = 0*303; F (2 ,9 )  = 42*204.
(5 .7 7 )  pC = 14*6 (± 2 *0 )  V (p l )  -  53 ( ± 1 Q ) | e | ( p 9 )  + 1176 (±216)
and r- = 0*951; s = 0*303; F ( 2 ,9 )  = 42*203.
(5 .7 8 )  pC = 14*6 (± 2 *0 )  v ( p l )  -  1 * 2 8  (±0*24) E^(p9) + 625 (±113)  
and r  = 0*951; s = 0*304; F ( 2 ,9 )  = 42*07.
( 5 .7 9 )  pC = 12*7 (± 1 *7 )  V(p4) -  1•40 (±0*26)  E2 (p9) + 606 (±110)
and r  = 0*950; s = 0*304; F ( 2 ,9 )  = 42*06.
(4 )  CAT t e s t .
The best four  simple regressions u i th  pC(CAT) as the dependent 
v a r ia b le  have s l i g h t l y  b e t t e r  c o r r e la t io n  c o e f f i c i e n t s  than the 
corresponding ones fo r  the MET t e s t :
(5 .8 0 )  pC = -0 *396  (±0*062) jj + 4*28 (±0*20)  
and r  = 0*896; s = 0*329; F (1 ,10 )  = 4 0 * 6 7 .
(5 .8 1 )  pC = 150 (±25) Q(011) + 54*1 (±8*6)  
and r  = 0*882; s = 0*349; F (1 ,1 0 )  = 34*92.
(5 .82 )  pC = -1 6 * 4  (± 2 -8 )  Ec2_011 -  701 (±122)  
and r  = 0*877; s = 0*356; F(1 ,1 0 )  = 33*25.
(5 .0 3 )  pC = - 8 * 9  (± 1 *5 )  E^(p4) -  28*7 (±5*5)  
and r  = 0*877; s = 0*356; F(1 ,1 0 )  = 33*16.
u h i le  the four  best tu o - v a r ia b le  regressions have s l i g h t l y  uorse 
c o r r e l a t i o n  c o e f f i c i e n t s :
( 5 .8 4 )  pC = -3 * 9 0  (± 0*44)  0C(011) + 50 (±13) Q(C5) -  282 (±32)
and r  = 0*947; s = 0*250; F ( 2 ,9 )  = 39*34.
(5 .8 5 )  pC = 166 (±20) Q(011) + 37 (±13) Q(C5) + 54*5 (±6*5 )  
and r  = 0*942; s = 0*263; F ( 2 ,9 )  = 35*14.
(5 .86 )  pC = 55 (±13) Q(C5) + 13*4 (± 1*6 )  Ez (p5) -  36*5 (±4*9 )  
and r  = 0*941; s = 0*265; F (2 ,9 )  = 34*52.
(5 .8 7 )  pC = 11*5 (±2*9 )  Q(C1’ ) + 62*6 (±7*9 )  < H 3 )  + 2023 (±256)
and r  = 0*940; s = 0*266; F.(2,5) = 34*12.
(5 ) General a c t i v i t y .
As u i th  the R1 = H s e r ie s ,  the s in g le  independent v a r ia b le  uhich  
gives the best exp lan a tio n  o f  the v a r ia t io n  in  a l l  fo u r drug a c t i v i t i e s  
i s  r  = 0*701; r rms = 0*837; F f ( l ,1 Q )  = 23?46. The only  in d iv id u a l  
regression on y  not given above is  th a t  in v o lv in g  pC(MET):
(5 .8 8 )  pC(MET) = -0 *4 3  (±0*11) y  + 3*74 (±0*37)  
and r  = 0*773; s = 0*588; F ( l ,1 0 )  = 14*87.
The fo l lo u in g  regressions are obtained u i th  the three  components o f  the  
d ip o le  moment vec tor  as independent v a r ia b les :
(5 *89 ) pC(lS ) = 0*152 (±0*071) + 0*12 (±0*17) y
+ 0*16 (±0*16) y z + 1*29 (±0*20)  
and r  = 0*742; s = 0*503; F (3 ,8 )  = 3 *26 .
(5 .9 0 )  pC(FS) = 0*229 (±0*035) jj + 0*026 (±0*085) ux j y
+ 0 r 188 (±0*079) y + 1*969 (±0*099)  
and r  = 0*939; s = 0*250; F (3 ,8 )  = 19*83.
(5 .9 1 )  pC(MET) = 0*337 (±0*065) y x -  0*040 (±0*155 ) yuy
-  0*23 (± 0*14 ) y z + 3*15 (±0*18)
and r  = 0*899; s = 0*455; F (3 ,8 )  = 11*19 .
(5 .9 2 )  pC(CAT) = 0*265 (±0*056) y  -  0*096 (±0*135 ) yx y
+ 0*24 (±0*13) y z + 3*63 (± 0*16 ) N
and r  = 0*879; s = 0*395; F (3 ,8 )  = 9 *02 .
On comparing these equations u i th  regressions (5 .4 8 )  -  ( 5 . 5 1 ) ,  
r e s p e c t iv e ly ,  the most s t r ik in g  changes are the sign re v e rs a ls  o f  the y z 
c o e f f ic ie n ts  in  the IS ,  FS and CAT regress ion s . The y x c o e f f i c i e n t  in  
regress ion  (5 *9 1 )  i s  a lso s ig n i f i c a n t l y  g re a te r  than th a t  in  reg res s io n
( 5 . 5 0 ) .
Although, under the cond itions  described above, the le v e l  o f  
demethyldiazepam in  mouse b ra in  exceeds th a t  o f  unmetabolized drug 30 
minutes a f t e r  the i . v .  a d m in is tra t io n  o f  diazepam (see f ig u r e  5 . 3 ) ,  i t  
is  possib le  th a t  o r a l  a d m in is tra t io n  produces a s u f f i c i e n t  delay in  the  
benzodiazepine reaching the c i r c u la t io n  th a t  ue are look ing  c h ie f ly  a t  
the e f f e c t  o f  the unmetabolized drug in  the R1 = CH3 s e r ie s ,  a t  le a s t  
in  the FS and MET te s ts .  The rough s im i l a r i t y  in  the dependence o f  
drug a c t i v i t y  on d ip o le  moment in  the tuo s e r ie s  supports th is  hypothesis .  
I f  the hypothesis is  tru e  then there  should be no problem in  pooling the  
data from the tuo se r ie s  and o b ta in in g  regressions fo r  the combined s e r ie s  
o f  33 molecules.
Combined s e r ie s .
This s e r ie s  consists  o f the f i r s t  21 molecules l i s t e d  in  ta b le  5 .3  
together u i th  the 12 molecules l i s t e d  in  ta b le  5 .4 .  The fo l lo w in g  
q u a n t i t ie s  from s t a t i s t i c a l  tab les  are requ ired  as s ig n if ic a n c e  c r i t e r i a  
in  th is  sec tion :
Regressions obtained from the data in  the combined s e r ie s  are considered  
under f i v e  subheadings. A l l  simple and tu o -v a r ia b le  regressions given  
belou are s ig n i f ic a n t  a t  the.0*1/£ l e v e l .
(1 ) 15 t e s t .
$ < 4 ,2 8 ,0 *1 5 0  = 6*25  
$ < 7 ,2 5 ,0 *1 5 0  = 5*15  
3(7 ,25 ,0 *2550  = 4*44
^ ( 3 ,2 9 ,0 * 1 5 0  = 7*12
The best four simple regressions u i th  pC(IS ) as the dependent
v a r ia b le  a l l  in v o lv e  recep to r  p o in t  p ro p e r t ie s :
(5 *9 3 )  pC = -1 2 *2  (± 2 *6 )  E (p14) + 13*0 (± 2 *6 )  
and r  = 0*642; s = 0*433; F (1 ,3 1 )  = 2 1 .7 8 .
(5 .9 4 )  pC = -7 * 0  (± 1 *5 )  Ez (p4) -  23*9 (± 5*4 )  
and r  = 0*640; s = 0*435; F (1 ,3 1 )  = 21*46 .
(5 .9 5 )  pC = - 4 * 7  ( i l « l )  W2 (p5) + 1*36 (±0*13)  
and r  = 0*625; s = 0*442; F ( l ,3 1 )  = 19*83.
(5 *9 6 )  pC = 8*9 (± 2 *1 )  E ( p i ) + 16*9 (± 3*7 )  
and r  = 0*613; s = 0*447; F (1 ,3 1 )  = 18*65.
u h i le  0 i(c i2) appears, u i th  c o e f f ic ie n ts  o f  enigmatic s ig n , in  tuo o f the  
four best tu o -v a r ia b le  regressions;
(5 .9 7 )  pC = -5 *8 6  ( io * 9 2 )  V2 (p5) + 4*3 (± 1 *1 )  Ep o l (p13) + 24*9 (± 6 *1 )  
and r  = 0*771; s = 0*366; F (2 ,3 0 )  = 21*96 .
(5 .9 8 )  pC = 0*70 ( i o * 12) tf(C12) -  2*80 ( to *4 6 )  E2 (p14) + 97 (±16)  
and r  = 0*761; s = 0*373; F (2 ,3 0 )  = 20*58 .
(5 .9 9 )  pC = 0*72 (± 0 *1 3 )  tt(C12) -  8*7 (± 1*4 ) |e| (p14) + 105 (± 1 B)
and r  = 0*759; s = 0*374; F (2 ,3 0 )  = 20*41 .
(5 .1 0 0 )  pC = 8*1 ( - 1 * 3 )  [El (p5) + 4*7 (± 1 .6 )  Ep o l (p13) -  34*5 (± 9 *6 )
and r  = 0*759; s = 0*374; F (2 ,3 0 )  = 20*34 .
The best regress ion  o f pC(lS) on fo u r  recep to r  p o in t  p ro p e r t ie s
invo lves  the p ro p e r t ie s  o f  p14:
(5 .1 0 1 )  pC = 2*7 (± 2*6 ) V -  7*6 (± 5 -2 )  Ex -  14*5 (± 4 -2 )  Ey
+ 4*9 (± 1*8 )E  + 25*3 ( - 5 * 9 )
and r  = 0*751; s = 0*393; F (4 ,2 8 )  = 6 *25 .
The in c lu s io n  o f  the second order p ro p e rt ies  o f  p14 produces a regress ion
uhich is  not s ig n i f ic a n t  a t  the 0 * 15o le v e l ; '
(5 .1 0 2 )  pC = 6*1 (±38 *2 ) V + 0*58 (±4*31) \J2 -  0*42 (± 1*63 ) E ,pol
-  30 (±37) E + 16 (±46) E -  23 (±43) E -  16 (±24) E2 -  6*5 (1 4 5 -2 )  x y z
and r  = 0*767; s = 0*404; F (7 ,2 5 )  = 5*11.
(2 ) F5 t e s t .
The best simple regression invo lves  the d ip o le  moment modulus:
(5 .10 3 ) pC = -0 *3 1 9  (±0*054 ) p  + 2*32 (±0*16)
and r  = 0*730; s = 0*375; F (1 ,31 )  = 35*27.
uhereas the th re e  next best in vo lve  receptor p o in t  p ro p e r t ie s :
(5 .1 0 4 ) pC = 2*89 (± 0*50 ) l/(p5) + 2*27 (±0*16)
and r  = 0*720; s = 0*380; F (1 ,31 ) = 33*37.
(5 .1 0 5 ) pC = 4*93 (±0*87) Ey ( P6) -  28*6 (± 5 *3 )
and r  = 0*715; s = 0*383; F (1 ,31 ) = 32*41.
(5 .1 0 6 ) pC = -0 *3 65  (±0*065) V2 ( p l )  + 10*3 (± 1 *6 )
and r  = 0*712; s = 0*384; F (1 ,31 )  = 31*92.
The four best tu o -v a r ia b le  regressions are given belou:
(5 .1 0 7 )  pC = 0*69 (10 *13 ) o c (d 2 )  + 0*336 (±0*045) V2 (p10) + 84 (±15) 
and r  = 0*810; s = 0*327; F (2 ,3 0 )  = 28*56 .
(5 ;1 0 8 )  pC = 0*65 (±0*12) 0t(C12) + 2 * 4 8  (±0*34) V(p10) + 75 (±15)  
and r  = 0*805; s =' 0*330; F (2 ,3 0 )  = 27*67 .
(5 .1 0 9 )  pC = -0 *212  (±0*062) p  + 2*92 (±0*97) Ey(p6) -  15*8 (± 6 *0 )  
and r  = 0*800; s = 0*334; F (2 ,3 0 )  = 26*64.
(5 .1 1 0 )  pC = 0*52 (± 0*1 1 ) 0C(C12) -  9*2 (± 1 *3 )  |e [ ( p14) + 81 (±16)  
and r  = 0*792; s = 0*340; F (2 ,3 0 )  = 25*16 .
The regress ion  o f  pC(FS) on the e .p .  and e le c t r i c  f i e l d  components
observed a t  p14 is  the best one o f  th is  type:
(5 .1 1 1 )  pC = 4*5 (± 2 *4 )  \J -  8*3 (± 4 -9 )  E -  7-2 (± 4*0 ) E
X y
ft
+ 4*4 ( - 1 - 6 )  Ez + 25*7 (± 5*6 )  
and r  = 0*761; s = 0*374; F (2 ,3 0 )  = 9 *60 .
In c lu s io n  o f  the second order p ro p e r t ie s  o f  p14 does not produce a 
s ig n i f ic a n t ,  improvement on the c o r r e la t io n  o f  regression ( 5 .1 1 1 ) .  A 
b e t te r  s ev e n -v a r ia b le  regression in vo lves  the p ro p e rt ies  o f  p12:
(5 .1 1 2 )  pC = -2 * 8  (± 19 *3 ) V + 0*30 (±0*95) V2 -  0*73 (± 2*2 4 ) Epol
-  62 (±49) E -  97 (±78) E -  119 (±99) E -  2*2 (±1*8 ) £2 -  3181 (±2536)x .y z
(3 ) MET t e s t .
The fo u r  best s in g le -v a r ia b le  regression a l l - in v o lv e  recep to r p o in t  
p ro p e rt ie s :
(5 ;1 1 3 )  pC = -0 *2 75  (±0*049) \/2 (p14) + 8*2 (± 1 *0 )  
and r  = 0*713; s = 0*495; F (1 ,31 ) = 32*11.
(5 .1 1 4 )  pC = 1 .78  (± 0*32 ) V (p 1 l)  -  5*6 (± 1 *4 )  
and r  = 0*711; s = 0*497; F (1 ,3 1 )  = 31*64 .
(5 .1 1 5 )  pC = 2*48 (± 0*44 ) V(p14) + 13 .7  (± 2 *0 )  
and r  = 0*708; s = 0*499; F (1 ,3 1 )  = 31*21.
(5 .1 1 6 )  pC = 0*194 (±0*035) V2 (p 1 l )  -  1*53 (±0*71)  
and r  = 0*704; s = 0*502; F ( 1 ,31 ) = 30*45 .
The fo u r best tu o -v a r ia b le  regressions are given belou:
and r  = 0*800;  s = 0*431;  F ( 2 ,3 0 )  = 26*66.
(5 .1 1 8 )  pC = 0*45 (± 0*11 ) ctfC9) -  0*068 (±0*010) y  -  54 (±14)
and r  = 0*799; s = 0*432; F (2 ,3 0 )  = 26*42 .
(5 .1 1 9 )  pC = 19*2 (±2*B) E (p3) -  5*6 (± 1*2 ) E (p7) -  65*1 (± 9 *6 )y *
and r  = 0*791; s = 0*440; F (2 ,3 0 )  = 25*03 .
(5 i1 2 0 )  pC = -0 *0 5 9  (±0*010) y  - .1 -5 *5  (± 4 *1 )  E 0 l (p2) -  25*2 (± 7 *5 )  
and r  = 0*790; s = 0*441; F ( 2 , 30) = 24*91 .
The regress ion  o f  pC(MET) on the e .p .  and e le c t r i c  f i e l d  components
observed a t  p7 is  th e 'b e s t  one o f th is  type:
( 5 i 121) pC = 4*76 (±0*88) \l -  8*2 (± 1*9 ) Ex + 0*43 (± 0*29 ) Ey
+ 2*27 (±0*82) Ez + 4*2 (±5*7 )  
and r  = 0*792; s = 0*464; F (4 ,2 8 )  = 11*01.
The in c lu s io n  o f  the second order p ro p e r t ie s  o f  p7 gives a regress ion
which is  s t i l l  s ig n i f ic a n t  a t  the 0*1/£ le v e l :
(5 .1 2 2 )  pC = 2*9 (± 3 *6 )  \1 + 0*93 (± 1 *2 3 )  V2 + 4*4 (± 3*2 ) EpQl
-9 *4  (± 18 *1 ) Ex -  0*41 (±17*81) Ey + 2*0 (±41 *2 ) Ez + 0*057 (±3*668) E2
+ 19 (±160)
and r  = 0*808; s = 0*464; F (7 ,2 5 )  = 6 *71 .
I t  is  noteworthy th a t  the c o e f f ic ie n ts  and in te r c e p t  o f  regress ion  (5 .1 2 2 )
bear l i t t l e  resemblance to those o f  ( 5 .3 2 ) ,  the corresponding regress ion  
fo r  the R1 = H s e r ie s .
(4 ) CAT t e s t .
The best simple regression u i th  pC(CAT) as the dependent v a r ia b le  
has the d ip o le  moment modulus as the independent v a r ia b le :
(5 .1 2 3 )  pC = -0 *3 75  (±0*060 ) y  + 4*15 (±0*18)  
and r  = 0*746; s = 0*419; F (1 ,31 )  = 38*83.
whereas the th ree  next best in v o lv e  receptor p o in t  p ro p e r t ie s :
(5 .1 2 4 )  pC = 12*7 (± 2 *1 )  E ( p i )  + 25*7 (± 3 *7 )
and r  = 0*743; s = 0*421; F (1 ,3 1 )  = 38*22.
(5 .1 2 5 )  pC = -1 *7 2  (±0*29) E2 ( p l )  + 14*1 (± 1*9 )
and r  = 0*727; s = 0*432; F (1 ,3 1 )  = 34*751 .
(5 .1 2 6 )  pC = 10*0 (± 1 *7 )  Ey (p4) -  57 (±10) 
and r  = 0*727; s = 0*432; F (1 ,31 ) = 34*749.
The four best tw o -v a r ia b le  regressions are given below:
(5 .1 2 7 )  pC = 0*74 (±0*14) 0£(C12) + 0*384 (±0*051) V2 (p10) + 9 2  (±17)  
and r  = 0*816; s = 0*370; F (2 ,3 0 )  = 29*82 .
(5 .1 2 8 )  pC = 0*70 (± 0 *1 4 )01 (0 1 2 )  + 2*83 (±0*38) V(p10) + 81 (±17)
and r  = 0*811; s = 0*375; F (2 ,3 0 )  = 28*72 .
(5 .1 2 9 )  pC = 10*2 (± 3 *4 )  f N(C9) -  0*491 (±0*066) y  + 4*11 (± 0*16 )
and r  = 0*810; s = 0*375; F(2,3Q) = 28*70 .
(5 .1 3 0 )  pC = -0 *2 48  (±0*070) y  + 3*2 (± 1 *1 )  Ey(p6) -  15*5 (± 6 *8 )
and r  = 0*808; s = 0*377; F (2 ,3 0 )  = 28*16 .
The regression  o f  pC(CAT) on the e .p .  and e le c t r i c  f i e l d  components 
observed a t  p14 is  the best one o f  th is  type:
(5 .1 3 1 )  pC = 6*1 (± 2 *6 )  V -  11*4 (± 5 *2 )  Ex -6 *9  (± 4 *2 )  Ey
+ 5*7 (± 1 *8 )  Ez + 33*4 (± 5*9 )
and r  = 0*803; s = 0*394; F (4 ,2 8 )  = 12*71.
The best seven-variable  regression involves  the properties  of  p12,
houever:
(5 .1 3 2 )  pC = -3 0  (±20) V + 1*64 (± 0*97 ) V2 -  0*29 (+2*27) Epol
-  89 (^50) Ex -141 (±79) Ey -  174 (±100) Ez -  3*1 (± 1 *8 )  E2 -  4478(±2576) 
and r  = 0*833; s = 0*387; F (4 ,2 8 )  = 8 *12 .
(5 ) General a c t i v i t y .
As u i th  the R1 = H and R1 = CH3 se r ie s  s e p a ra te ly ,  the s in g le
independent v a r ia b le  uhich gives the best exp lanation  o f  the v a r ia t io n
in  a l l  fo u r  drug a c t i v i t i e s  is  u: r2  = 0*472; r  = 0*6B7; F * (1 ,3 1 )  =~ rms
27*67 . The in d iv id u a l  regressions o f pC(lS) and pC(fyiET) on p ,  uhich 
are not given above, are both s ig n i f ic a n t  a t  the 0»'\% l e v e l :
(5 .133) PC(IS) = -0 *2 7 2  (±0*065) p + .  1*63 (±0*19)  
and r  = 0*601; s = 0*452; F (1 ,3 1 )  = 17*53.
(5 .1 3 4 )  pC(nET) =. -0*.374 (±0*076) j i  + 3*40. (±0*23)  
and r  = 0*661; s = 0*530; F ( 1 ,3 1 ) = 24*07 .
The fo l lo u in g  regress ions are obtained u i th  the three  components o f  the  
d ip o le  moment vector as independent v a r ia b le s :
(5 .1 3 5 )  pC(lS) -  0*163 (±0*051.) .px + 0*135 (±0*093) p
+ 0*0042 (±0*0698) p z + 1*18 (±0*13)  
and r  = 0*573; s = 0*479; F (3 ,2 9 )  = 4 *73 .
(5 .1 3 6 )  pC(FS) = 0*214 (±0*043) px + 0*070 (±0*077) JJy
-  0*068 (±0*059) y z + 1*87 (±0*11)  
and r  = 0*713; s = 0*397; F (3 ,2 9 )  = 9*99 .
(5 *137 ) pC( PIET) = 0*292 (±0*051) -  0*096 (±0*093)
-  0*0112 (±0*070) p z + 2*98 (±0*13)  
and r  = 0*756; s = 0*478; F (3 ,2 9 )  = 12*93.
(5 .1 3 8 )  pC(CAT) = 0*258 (±0*048) p^  -  0*011 (±0*087) juy
-  0*076 (±0*065) p  + 3*64 (± 0*12 )  
and r  = 0*727; s = 0*447; F (3 ,2 9 )  = 10*81.
The’ in te r c e p t  o f  each o f  the above regress ion s, (5 .1 3 5 )  -  ( 5 .1 3 8 ) ,  i s  
in  between those o f  the corresponding regressions fo r  the R1 = H and 
R1 = CH3 s e r ie s ,  and the same goes fo r  most o f  the c o e f f ic ie n t s .  This  
i s  c o n s is te n t  u i th  the hypothesis th a t  corresponding R1 = H and R1 = CH3 
regressions are random deviants  from a s in g le  r e la t io n s h ip .  The 
conclusions about the d ire c t io n  o f  the recep to r e le c t r i c  f i e l d  in  the  
m olecular frame, drawn from regressions (5 .4 8 )  -  ( 5 * 5 1 ) ,  are borne out 
by regressions (5 .1 3 5 )  -  (5 .1 3 8 ) .
Of the fou rteen  te n ta t iv e  recep tor  p o in ts ,  p14 is  the most recom­
mended in  the a b i l i t y  o f  four o f  i t s  p ro p e rt ies  to e xp la in  CNS a c t i v i t y  
g e n e ra lly  (as opposed to p4 fo r  the R1 = H s e r ie s ) :  ?2 = 0*585; =
0*765; F ' ( 4 ,2 8 )  = 9 *86 . The only  in d iv id u a l  regression on fo u r  p ro p e r t ie s  
of p14 uhich is  not given above is  th a t  in v o lv in g  pC(MET):
(5 .1 3 9 )  pC(HET) = 6*2 (± 3*2 ) V -  8*8 (± 6 *6 )  E -  0*75 (± 5*35 ) Ex y
+ 2*0 (± 2*2 ) Ez + 25*9 (± 7 *5 )  
and r  = 0*743; s = 0*498; F (4 ,2 8 )  = 8*61 .
Since V(p4) i s  always negative , the p o s i t iv e  c o e f f ic ie n ts  o f  V in
regressions ( 5 .1 0 1 ) ,  ( 5 .1 1 1 ) ,  (5 .1 3 1 )  and (5 .1 3 9 )  in d ic a te  th a t  the  
h y p o th e t ic a l  recep to r  moiety centred on p14 has a net negative  charge, 
producing an e n e r g e t ic a l ly  unfavourable in t e r a c t io n .  . R a t io n a l is in g  these  
regressions as simple LFER's: pC = aAE + b, where AE is  the energy o f  
in te r a c t io n  between the benzodiazepine molecule and the recep to r  moeity  
centred on p14, and a and b are constants , i t  is  made c le a r  by in s e r t in g
the a c tu a l  values fo r  V, Ex , Ey , Ez a t  p14 th a t  AE is  p o s i t iv e  fo r  every
molecule in  the combined s e r ie s .  This is  desp ite  the s t a b i l i s in g  e f f e c t
o f  the molecular e l e c t r i c  f i e l d  /  receptor d ip o le  in t e r a c t io n ,  U ith  the  
present model, i t  i s  th e re fo re  necessary to p o s tu la te  o th er in te ra c t io n s  
uhich bind the drug molecule to the re ce p to r ,  these being the same fo r  
every molecule in  the s e r ie s .
Receptor p o in t  p12 is  the most recommended by the mean o f  the  
determ ination  c o e f f ic ie n ts  o f  the regressions in v o lv in g  seven o f  i t s  
p ro p e rt ie s :  r2 = 0*625; r rms = 0*778; F ’ (7 ,2 5 )  = 5 *47 . The outstanding  
regressions o f  th is  type are given belou:
(5 .1 4 0 )  pC(lS) = 32 (±20) V -  1*5 (± 1 *0 )  V2 + 3*5 (± 2*4 )  Epol + 32 (±52) Ex
+ 51 (±83) Ey + 68 (±105) + 1*2 (± 1 *9 )  E2 + 1598 (±2691)
and r  = 0*766; s = 0*405; F (7 ,2 5 )  = 5*08 .
(5 .1 4 1 )  pC(nET) = 34 (±25) V -  1*5 (± 1 * 2 ) \J2 -  0 * 6 2  (± 2 *90 ) Epol
+ 27 (±63) E + 49 (±101) E + 66 (±127) E + 1*1 (±2*3 ) E2 + 1476 (±3280)x y z
and r  = 0*780; s = 0*493; F (7 ,2 5 )  = 5 *54 .
Leaving aside the lo u  s ig n if ic a n c e  EpQ  ^ c o n tr ib u t io n s ,  th ere  is  a complete  
re v e rs a l  o f  the signs o f  the c o e f f ic ie n ts  in  going from regressions (5 .1 1 2 )  
and (5 .1 3 2 )  to regressions (5 .1 4 0 )  and ( 5 .1 4 1 ) .  These c o e f f ic ie n ts  can 
scarce ly  rep resen t ( i n  a scaled form) the moments o f a re c e p to r  charge 
d is t r ib u t io n  uhich has the same form and o r ie n ta t io n  uhichever type o f  
drug a c t i v i t y  i s  being observed.
The best uay to determine uhether any o f the above regress ions re ­
present sound p h ys ica l re la t io n s h ip s  is  to see hou they su rv ive  extension  
o f  the data base.
P re d ic t iv e  pouer o f the regress ion s.
The pretensions o f  the f\l4 lone p a ir  s i t e ,  p14, to being a genuine
(411 ,412 )recep tor p o in t  are o b l i t e r a t e d  by the o b serva tio n ' th a t  many
N4-oxides o f 1 , 4 -benzod iazep in -2 -ones , such as demoxepam ( t a b le  5 .1 a ,  n o .9;
ta b le  5 .3 ,  n o .2 2 ) ,  possess s u b s ta n t ia l  CNS a c t i v i t y .  Although metabolic
(454)reductio n  o f  N-oxides o fte n  occurs , demoxepam is  f a i r l y  s tab le  in
(455)the plasma, w ith  a h a l f - l i f e  o f  14 to 95 hours in  man . I t  is  l i k e l y  
th a t  the observed a c t i v i t i e s  in  the IS ,  FS, MET and CAT te s ts  are  
re p re s e n ta t iv e  o f  the binding o f  unmetabolized demoxepam to the  
benzodiazepine re c e p to r .
CNDO/2 c a lc u la t io n s  have been performed on demoxepam, using a 
geometry derived from th a t  used fo r  demethyldiazepam (n o .1 ,  ta b le  5 .3 )  by 
plac ing  an oxygen atom on the l in e  passing through N4 and p14, a t  the  
minimum energy N4-0-bond d is tance  o f  1*284fi. The c a lc u la ted  r e a c t i v i t y  
in d ices  o f  in t e r e s t  are given in  ta b le  5 .3 .
Since demoxepam is  unsubstitu ted  a t  N1, ue may use the regressions
fo r  e i t h e r  the R1 = H or the combined ser ies  in  order to p r e d ic t  i t s
a c t i v i t y .  From a s t a t i s t i c a l  s tandpo in t,  the sm aller the s -v a lu e  o f  a 
regress ion , the more r e l i a b l e  are the p re d ic t io n s  made from i t .  For each 
s e r ie s ,  fo r  each type o f  drug a c t i v i t y ,  the regression  w ith  the lowest s-  
value is  the best tu o -v a r ia b le  reg ress io n . In  respect o f  t h e i r  physica l  
s ig n if ic a n c e  in  t e r m s  o f drug-receptor in te r a c t io n  (p o s tu la ted  in  the 
sections on general a c t i v i t y ) ,  the regressions using p x , and ju^ as a 
set o f  independent v a r ia b le s  are a lso employed, as are those in v o lv in g  
the seven p ro p e r t ie s  o f  the recep tor po ints  p7 fo r  the R1 = H and p12 fo r  
the combined s e r ie s .  The a c t i v i t i e s  p red ic ted  fo r  demoxepam using the  
regressions o f  these types are compared w ith the observed a c t i v i t i e s  in  
ta b le  5 .5 .
I t  i s  ev iden t from ta b le  5.5. th a t  most o f  the chosen regressions
give a poor account o f  the v a r ia t io n  in  drug a c t i v i t y  upon N 4 -o x id a t io n .
Regressions on seven p ro p e r t ie s  o f p12, in  p a r t ic u la r ,  give absurd 
p re d ic t io n s .  This is  s u re ly  connected w ith the close p ro x im ity  o f  p12 to  
the oxygen s i t e .  I t  i s  c le a r  from ta b le  5 .3  th a t  N 4-ox idation  has a
Table  5 . 5 .  P r e d i c t e d  a c t i v i t i e s  f o r  demoxepam.
Series • Regression PC(IS) PC(FS) pC(HET) pC( CA'
R1 = H best 2 - v b l . 4*214 6*976 5*681 9*714
11
V  V 0*439 0*891 1*364 2*320
11 p ro p s .o f  p7 0*288 2*141 5*016 5*172
combined best 2 -v b l . 22*380 17*599 17*115 21*539
t t 0*543 0* 604 1*243 2*272
11 p ro p s .o f  p12 1589*0 -3158*3 1470*7 - 4448*8
Observed a c t i v i t i e s : 0*582 0*855 1*679 2*457
devas ta ting  e f f e c t  upon the p ro p e r t ie s  observed a t  p12 and elsewhere.  
The p ro p e r t ie s  o f  p7 are less  s e n s it iv e  to the a d d it io n  o f  oxygen. 
Correspondingly, regressions in v o lv in g  seven p ro p e rt ies  o f  p7 give much 
more sens ib le  estim ates o f the drug a c t i v i t i e s  o f  demoxepam.
Only the a c t i v i t i e s  pred ic ted  by regressions on jj , p and p are  inx y z
convincing agreement w ith the observed a c t i v i t i e s .  This tends to  support 
the hypothesis o f  a c r i t i c a l  su b stra te  d ip o le /re c e p to r  e le c t r i c  f i e l d  
in t e r a c t io n ,  to the exclusion o f models based on the o ther reg res s io n s .  
Regressions on jjx , jj^.and jj^ , based on the R1 = H s e r ie s ,  lead to  
p re d ic t io n s  s l i g h t l y  b e t te r  o v e r a l l  than the corresponding regress ions  
fo r  the combined s e r ie s .  There is  not s u f f i c i e n t  evidence to make f u r t h e r  
deductions about the v a l i d i t y  o f  combining the R1 = H and R1 = CH3 s e r ie s  
in to  a s in g le  data  base.
I t  is  in te r e s t in g  to determine the a c t i v i t i e s  p red ic ted  by regressions
(5 .4 8 )  -  (5 .5 1 )  ( i . e . t h o s e  in v o lv in g  jj , jj and p , fo r  the R1 = H s e r ie s ) .x y z
fo r  the in a c t iv e  4 ' - f l u o r o  compound, no.23 in  ta b le  5 .3 .  In  th is  sense
’ ' i n a c t i v e 11 means th a t  the compound f a i l s  to e l i c i t  the req u ire d  response
(414)in  any o f the fo u r te s ts  a t  the a r b i t r a r y  top doses s ta ted  above.
Using these top doses, i t  i s  possib le  to s ta te  the in e q u a l i t ie s  shown 
in  ta b le  5 .3  fo r  the a c t i v i t i e s  o f  compound n o .23 in  the IS ,  FS, MET 
and CAT te s ts .
•
The loss o f  a c t i v i t y  o f  benzodiazepines o f  the type in  question
upon 4 * -s u b s t i tu t io n  has drawn comment e ls e w h e re ^ 12>414). £Xpi ai ni ng
the i n a c t i v i t y  o f  4 '- f lu o ro d ia zep am  by s t e r ic  arguments is made d i f f i c u l t
(452)by the o b s erv a t io n ' ' th a t  i t s  molecular s t ru c tu re ,  determined by X -ray
a n a ly s is ,  i s  v i r t u a l l y  superimposable w ith  the X -ray  m olecular s tru c tu re
*  ( 451) o f diazepam' ' •
The geometry used here in  the CNDO/2 c a lc u la t io n  on compound n o .23 
has been determined according to the ru les  fo r  the es t im atio n  o f  atomic  
coordinates given above fo r  the a c t iv e  compounds. The minimum energy 
d ih e d ra l angle C2*—C l ’ -C5-C12, given in  ta b le  5 .2 ,  d i f f e r s  l i t t l e  from 
th a t  in  the corresponding 3 ’ - f lu o r o  compound (n o .10, ta b le  5 . 3 ) .  The 
re le v a n t  r e a c t i v i t y  in d ice s  c a lc u la ted  fo r  compound no .23 are given in  
ta b le  5 .3 .
Table 5 .6 .  P red ic ted  and observed a c t i v i t i e s  fo r  compound no .23.
PC(IS) pC(FS) pC(MET) pC(CAT)
p red ic ted : 0*740 1*286 1*863 2*865
observed : <(-*239 <(0*460 <(-*443 <^0.761
The p re d ic ted  a c t i v i t i e s  in  the IS ,  F5, MET and CAT te s ts ,  obtained
using regressions ( 5 . 4 8 ) ,  ( 5 . 4 9 ) ,  (5 .5 0 )  and ( 5 .5 1 ) ,  r e s p e c t iv e ly ,  are
compared w ith  the observed in e q u a l i t ie s  in  ta b le  5 .6 .  These regressions
c le a r ly  p r e d ic t  th a t  compound n o .23 has s u b s ta n t ia l  a c t i v i t i e s  in  a l l  four
(41 4)te s ts ,  which i s  com pletely  a t  odds w ith observation  . Furthermore,
none o f  the o ther regressions used above to p r e d ic t  the a c t i v i t i e s  o f  
demoxepam, are able to exp la in  the i n a c t i v i t y  o f  compound n o .23.
Based on regress ions obtained fo r  the a c t iv e  benzodiazepines, a model 
has been proposed above in  which the drug a c t i v i t y  o f  a given molecule, 
when bound to i t s  recep to r  by p e r ip h e ra l  in te ra c t io n s  which do not vary in  
the s e r ie s ,  i s  determined by a secondary in te r a c t io n  in v o lv in g  the d ip o le  
moment o f  the molecule. I f  th is  model has any v a l i d i t y ,  then i t  is  c le a r  
th a t  compound n o .23 l i e s  outs ide  i t .  This might be expected i f  one o f  
these p e r ip h e ra l  in te r a c t io n s  is  a hydrogen bond in v o lv in g  the 4 ’ -H . I f  
the 4 ’ -H in t e r a c t s  e le c t r o s t a t i c a l l y  w ith a receptor fragment in  the  
a c t iv e  compounds, then i t s  replacement by the h ig h ly  e le c tro n e g a t iv e  
f lu o r in e  atom would give r is e  to an e n e r g e t ic a l ly  unfavourable in te r a c t io n  
with the same fragment, which could pre-empt d rug -receptor b ind ing .
C H A P T E R  6
INDO CALCULATIONS ON PLATINUM COMPLEXES.
Antitumour p latinum  complexes.
I t  i s  over fo u rteen  years since Rosenberg and c o w o rk e rs ^ ^ ^
observed the f i la m e n ta t io n  o f  esch erich ia  c o l i ,  which occurs when
c u rre n t  is  passed through the aqueous c u ltu re  medium, provided platinum
( 308 )e lec trodes  are used. Further s tu d ie s ' } have shown th a t  the species
responsib le  fo r  the f i la m e n ta t io n  (formed in  s o lu t io n  during e le c t r o ly s is )
is  c i s - P t ^ H ^ ^ C ^ *  ^he corresponding trans-isom er being in a c t iv e .
C is -P t (N H ^ ^ C ^  Prevents m itos is  o f  the b a c te r ia  c e l l s ,  w ith o u t a f fe c t in g
t h e i r  growth. The im p l ic a t io n  o f  a n t im ito s is  in  the mechanism o f  a c t io n
o f many antitumour agents no doubt prompted the same group o f  workers to
screen c is -P t(N H 3) 2C12 , c is -P tC N H ^^C l , P t (e n )C l2 and Pt(en)Cl^.
ag a in s t S180 in  mice and to submit the f i r s t  two. compounds to  the NCI
(309)fo r  screening ag a in s t L1210 in  mice .
Of the compounds o r i g i n a l l y  screened, g re a tes t  antitumour a c t i v i t y
has been ev id e n t fo r  c is - P t ^ H ^ ^ C lg *  Rosenberg and Van C a m p ^ ^  have
shown th is  complex to be capable o f regressing e ig h t  day o ld ,  s o l id
S180 tumours, complete regression having been observed in  60^ o f  cases.
Indeed, c is - P t ( N H ^ ^ C ^  has displayed s t r ik in g  a c t i v i t y  a g a in s t a wide
(311)v a r ie ty  o f  animal tumours . NCI c l i n i c a l  t r i a l s  have been underway
(312) (313)fo r  some time , b e n e f ic ia l  e f fe c ts  having been ev id en t in  man .
Recent re s u l ts  have shown c is - P ^ N H ^ ^ C ^  he va luab le  in  the trea tm en t
o f  a d en o ca rc in o m a ^ ^ ^ , squamous c e l l  carc inom a^*^^ and t e s t i c u l a r  
(316)
tumours
The a n t i  tumour a c t i v i t y  o f  platinum  complexes has been the su b jec t
*  + • (311 ,317 ) , , , (318) l(, . .
of two reviews and a book . Uhen all the evidence is
pooled, c e r ta in  broad trends in  the s t r u c t u r e - a c t i v i t y  re la t io n s h ip  may
be seen. Only n e u tra l  complexes w ith non-zero d ip o le  moments are a c t iv e .
Most o f  the a c t iv e  species are square p lanar P t ( I l )  complexes o f  the  
form c is -P t(A m )2 X2 > uhere Am is  an N-donor l ig an d  and X i s  e i t h e r  Cl"  
or Br • Others d i f f e r  from th is  s p e c i f ic a t io n  by the in t ro d u c t io n  o f  
b id en ta te  l ig a n d s ,  since some complexes o f  the forms Pt(Am-Am)X2 and 
Pt(Am) Y, uhere Y i s  a d ic a rb o x y la te  anion, d is p la y  a c t i v i t y .
B io lo g ic a l  a c t i v i t y  appears to be r e la te d  to chemical r e a c t i v i t y  
as decided by the s t a b i l i t y  o f  the P t-X  bond. Ligands uhich form 
r a p id ly  hydrolysed attachments to the m eta l, such as render the
complex h ig h ly  t o x ic .  On the other hand, l igands  such as CN" uhich  
form strong bonds u i th  P t ,  lessen t o x i c i t y  and- destroy antitumour  
a c t i v i t y .  C l" and Br", uhich form bonds o f in te rm ed ia te  s t a b i l i t y ,  
give complexes uhich may be considered s ta b le  enough to reach the s i t e  
o f  p h y s io lo g ic a l  a c t io n ,  ye t re a c t iv e  enough to  be e f f e c t iv e  on reaching  
i t .
(31 7)Using th is  r a t io n a l i z a t io n  o f  the ro le  o f  X, Leh and U o lf  
consider the nature  o f  Am to be im portant in  determ ining the t ra n s p o r t  
p ro p e rt ie s  o f  the drug. U h ile  Am must undoubtedly in f lu e n c e  p h y s io lo g ic a l  
d is t r ib u t io n ,  through i t s  e f f e c t  on s o l u b i l i t y  and p a r t i t i o n  c o e f f i c i e n t ,  
i t s  e f f e c t  on o th er m olecular p ro p e r t ie s  might be even more im p o rtan t.
I t  might c r i t i c a l l y  in f lu e n c e  Pt-X  bond s trength  or d ru g -recep to r  
in t e r a c t io n .  The l a t t e r  in f lu e n c e  might exp la in  hou r e l a t i v e l y  small
(319changes in  th is  l ig an d  can sometimes lead to complete loss o f  a c t i v i t y
(319 320)In  tuo p u b lic a t io n s  ' 9 , Connors and couorkers re p o r t  the
ID on (minimum dose requ ired  to produce 90^ tumour regress ion  in  micey u
bearing es tab lish ed  ADJ/PC6 A tumours) and L D ^  (minimum dose req u ired  
to k i l l  50% o f  mice) fo r  over f o r t y  c is - d ic h lo r o p la t in u m ( l I ) complexes, 
mostly o f  the form c is - P t ^ F ^ R ^ C ^ *  As as shouing the dramatic
e f f e c t  uhich small s t r u c tu r a l  changes can have on lD on and LDcn, the9u 50
(320)second study re vea ls  th a t  the th e ra p e u t ic  index, i . e .  the r a t io
LDj-g/IDgg, i s  not simply re la te d  e i t h e r  to aqueous s o l u b i l i t y  or to  
u a te r-ch lo ro fo rm  p a r t i t i o n  c o e f f i c i e n t .
In  v ieu o f  the g reat promise o f  c is -d ic h lo ro  (and o th e r)  p latinum
complexes as antitum our agents and the a v a i l a b i l i t y  o f  drug a c t i v i t y  
(319 320)data * s u i ta b le  f o r  use in  q u a n t i ta t iv e  s t r u c t u r e - a c t i v i t y  uork,
the aim o f  t h is  la b o ra to ry  has been to extend the CND0/IND0 WO 
a lgorithm  in  WOREG to f a c i l i t a t e  c a lc u la t io n s  on species con ta in in g  
pla tinum . Only p a r t  o f  th is  aim has been f u l f i l l e d  by the au thor, uho 
has devised and programmed the extended WO a lgorithm  in  i s o la t i o n .  The 
IND0/5R program, l i s t e d  in  appendix 6 , may be param eterized f o r  any 
element u i th  valence subshells  confined to s, p and d types.
Before devis ing  the neu WO a lg o rith m , a survey uas made o f  published  
WO c a lc u la t io n s  on P t complexes. Both approximate LCAO (see belou) and
( T? 1 T? 7 ^
approximate numerical WO c a lc u la t io n s  are described in  the
l i t e r a t u r e .  Although the l a t t e r  have several very a t t r a c t i v e  fe a tu re s ,
most o f  the simple in d ices  described in  chapter tuo are undefined fo r
a uavefunction in  numerical form. Furthermore the d is c o n t in u i t ie s  uhich
a r is e  a t  zone in te r fa c e s ,  uhen using the method o f S la te r  and 
( *^28 ^
Johnson , might lead  to in s e n s ib le  estim ates o f  p ro p e r t ie s  observed 
a t  c e r ta in  p o in ts  in  the molecular environment. U ith  a v ieu to keeping  
the renovation  o f  the WOREG system to a minimum, a t te n t io n  has been 
c h ie f ly  confined to prospective  LCAO WO schemes.
Previous LCAO WO c a lc u la t io n s  on platinum complexes.
A l l  published LCAO WO c a lc u la t io n s  on Pt complexes confine e x p l i c i t  
a t te n t io n  to valence e le c tro n s .  In  most o f  these uorks, P t is  a llo u ed  
to c o n tr ib u te  nine AO’ s to the bas is , these being o f 5d, 6 s and 6 p
types. This i s  a sens ib le  choice, though fo r  some purposes a t te n t io n
must be confined to the 5d and 6 s subsh ells , since these conta in  a l l
the e le c tro n s  supplied by p latinum  in  bonding to o ther atoms. These
subshells  l i e  in  energy a t  50 to 60 e\l above the 5p subshell and about
(329)70 eV above the 4 f  subshell o f  p la t in u m ' . The valence o r b i t a ls  o f  
platinum  are perhaps less  d i s t i n c t  from the outermost core o r b i t a ls  in
terms o f the mean ra d iu s , r ,  houever. For the n e u tra l ,  ground s ta te
-r (330)platinum  atom, r  values o f  0 *5 ,  1 *0 ,  1*6 and 2*9 Bohrs are c a lc u la te d
fo r  the 4 f ,  5p, 5d and 6 s o r b i t a l  s e ts ,  r e s p e c t iv e ly .  The 6 p subshell
(331)is  the lo u e s t  energy unoccupied subshell o f  the is o la te d  p latinum  atom'
The v ieu  th a t  6 p o r b i t a ls  should be included in  basis sets in  M0
c a lc u la t io n s  on P t complexes is  supported by ab i n i t i o  c a lc u la t io n s  on 
(332)f\!i complexes , uhich in d ic a te  a s u b s ta n t ia l  ro le  in  bonding fo r  
the corresponding 4p o r b i t a l s .
A la rg e  p ro p o rt io n  o f  published c a lc u la t io n s  on P t  complexes make 
use o f  M0 methods uhich do not take e x p l i c i t  account o f  in t e r e le c t r o n ic  
i n te r a c t io n s .  The independent e le c tro n  Ham iltonian m atr ix  u i l l  here  
be denoted ”h” , being thus d is t in g u ish ed  from the core Ham iltonian  
m a tr ix ,  H, uhich occurs in  the SCF M0 methods.
Although the extended Huckel method is  normally a t t r ib u te d  to  
C116 )Hoffmann , an independent e le c tro n  method, u i th  re te n t io n  o f  o v er la p ,
in  uhich each h i s  taken equal to the valence s ta te  io n iz a t io n  energy
yy
(V3IE ) o f  the a p p ro p ria te  subshell o f  the appropria te  element, has been
used to c a lc u la te  uavefunctions fo r  MnO. and other te t ra h e d ra l  anions4
(333) (333)as e a r ly  as 1952 . Uolfsberg and Helmholtz seem to have been
the f i r s t  to use the scaled M u ll ik e n -ty p e  expression, ( 6 . 1 ) ,  f o r  the
resonance in t e g r a ls ,  although these authors have taken K equal to 1*67
or 2 *00 , according to uhether the bond formed by AO’ s pf and ^  has &
or r r  symmetry, r e s p e c t iv e ly ,  uhereas Hoffmann has used the value 1*75 f o r '
a l l  types o f  b o n d . ^ ^
h = i  K S ■ (h + hw ) (6 .1 )p Y  p v  pp W *  v *
* The success o f  techniques o f th is  type may be r a t io n a l i z e d  on the  
basis th a t  the elements o f  h mimic those o f the s e l f -c o n s is te n t  Fock- 
Ham iltonian m a tr ix ,  F, fo r  the same system. P erfunctory  account is  
taken o f  one -cen tre  in t e r e le c t r o n ic  in te ra c t io n s  by equatinq h to  
the l/SIP, uhich is  the sum o f  one e le c tro n  ( th e  k in e t ic  energy o f  the  
e le c tro n  in  2f p lus i t s  coulombic in te r a c t io n  u i th  the atomic core) 
and tuo e le c tro n  ( th e  in te r a c t io n  o f  the e le c tro n  in  fJ u i th  the other  
valence e le c tro n s  present in  the valence s ta te  c o n f ig u ra t io n  o f  the atom) 
terms. The success o f  th is  account depends on the closeness o f  the  
h y p o th e t ic a l  valence s ta te  to the tru e  c o n fig u ra t io n  o f  e lec tro n s  in  the  
v i c i n i t y  o f  the atom uhen in  the molecule.
The lack  o f  e x p l i c i t  considera tion  o f  tu o -ce n tre  in t e r e le c t r o n ic  
re p u ls io n  may, to a la rg e  e x te n t ,  be balanced by the lack  o f  co n s id era tio n  
o f  the tu o -c e n tre ,  c o re -e le c tro n  a t t r a c t io n .  Provided surrounding atoms 
have l i t t l e  or no net charge, there  is  a rough c a n c e l la t io n  o f  e r ro rs  
in  the h^ (assuming the p e n e tra t io n  e f f e c t  to be s m a l l ) .
Nelson, Uheelock and couorkers have described n o n - i t e r a t iv e ,
independent e le c tro n  c a lc u la t io n s  fo r  P t (0 )  complexes o f  the type
Pt(PH3 ) 2 X, uhere X is  CH3 C=CCH3, (CN)2 C=C(CI\l) or C H ^ C H ^ 334-33^ .
These c a lc u la t io n s  provide a q u a l i t a t iv e  d e s c r ip t io n  o f  m e ta l- l ig a n d
bonding and l ig an d  conformation, uhich supports the D euar-C hatt-
Ducanson model fo r  m e ta l - o le f in  bonding. R e la t iv e  s t a b i l i t i e s  o f  the
various isomers o f  Pt(PH3 ) 2 (C2 C1 ,^) and Pt(PH3 ) 2 (C2 HC1 3 ) have a lso been 
(337)c a lc u la te d  . Sensible looking hydrocarbon l igand  H-atom e q u i l ib r iu m
conform ational angles have been obtained fo r  Pt(PH 3 ) 2 (C2 H^ ,) and
Pt(PH3 ) 2 (C2 H2 ) by the same authors^338^. Features o f t h e i r  HO method 
are the use o f  STO’ s (S la t e r - ty p e  o r b i t a ls ,  see appendix 2) f i t t e d  to  
overlap in t e g r a ls  obtained using HF (H artree -F o ck) AO’ s, by a llow ing  n 
as w e l l  as to vary (see equation (A 2 .2 ) )  and the use o f  the fo l lo w in g  
unsealed form ula f o r  the resonance in te g r a ls :
h = f  S (2 -  ]S | ) ( h  + h ) ( 6 .2 )
p Y  j j y  j JJV'j W  '  }
(339)Rossi and Hoffmann have performed c a lc u la t io n s  on various
model pen taco -ord inated  P t ( l l )  complexes, as p a r t  o f  a general an a lys is
o f  bonding and conformation in  pentaco-ord inated  t r a n s i t io n  metal
compounds. The r a d ia l  functions  o f  the platinum valence AO’ s are taken
as the ou te r  lobes o f  the a n a ly t ic a l  functions  o f  Basch and Gray^348^,
5d being a contracted  two-STO fu n c t io n ,  w hile  6 s and 6 p are represented
by s in g le  STO’ s. The diagonal elements,  ^ , associated u i th  the
platinum  AO’ s, are taken as the values obtained s e l f - c o n s is t e n t ly  in
2 -an IEH  c a lc u la t io n  on PtCl^ , r a th e r  than as the VSIP’ s estim ated from 
atomic d a ta .
Presumably because o f  the g e n e ra l i ty  o f  the l ig an d s , these are
(339)only  allowed a m akesh ift  c o n tr ib u t io n  to the basis . In  c a lc u la t io n s
3-designed to model the FIL  ^ s i t u a t io n ,  FI is  taken as P t and L is
represented by a s in g le  3s o r b i t a l .  F10 energy le v e l  diagrams are  
3 -obtained fo r  F1L.- » u i th  both t r ig o n a l  bipyramid and square pyramido
geometries. For the l a t t e r  case, these le v e ls  are p lo t te d  a g a in s t the  
angle between the basal l igands ( f ig u r e  6 . 1 . ) ,  making i t  p o ss ib le  to  
estim ate  the e q u il ib r iu m  angle fo r  any formal d o r b i t a l  occupancy, 
i . e .  any t r a n s i t io n  metal FI.
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Figure ( 6 ,1 )  Eigenvalues o f MO’ s u i th  strong d c h a ra c te r ,  as a
3-fu n c t io n  o f the basal angle o f  (re fe ren c e  3 3 9 ) .
A c le a r  drauback o f  the simple Uolfsberg-Helm holtz /EH method is
the necessity  to a n t ic ip a te  the valence s ta te  o f an atom in  a given
(129)molecule. The re finem ent described by Ballhausen and Gray makes
uhere is  con tr ib u ted  by the metal atom, dependent on th e .n e t  
charge o f  the metal atom, as determined by a M u ll ike n  po p u la tio n  a n a ly s is .
A s o lu t io n  uhich is  s e l f - c o n s is te n t  in  the net charge and valence  
e le c tro n  c o n f ig u ra t io n  o f the metal atom is  obtained by i t e r a t i o n .
F io o re ^ ^ ^  has used the s e l f - c o n s is te n t  charge and c o n f ig u ra t io n  
(SCCC) method to determine the e le c t ro n ic  s tru c tu re  o f Z e is e ’ s s a l t ,  
K(Pt(C 2 H^)Cl3 ) .H 2 0. Only the complex anion is  e x p l i c i t l y  considered in  the  
c a lc u la t io n ,  u i th  a basis comprised o f 5d, 6 s and 6 p o r b i t a ls  from 
P t,  3s and 3p o r b i t a ls  from C l,  but from C only the 2p o r b i t a ls  requ ired  
to describe the Tr-system o f  C2 H4 . L inear combinations o f  STCPs,
(342) 9 1f i t t e d  to the Hermann-Skillmannv 3 numerical AO’ s fo r  P t (5d 6 s ) ,  are
used fo r  5d and 6 s, u h i le  6 p is  represented by a s in g le  STO o f  apparently
guessed exponent. Resonance in te g r a ls  are c a lc u la ted  by the formula o f
Ballhausen and G ray ^ ^ :
l
h = -  K* S (h h r ) 2 ( 6 .3 )juv y\r \ y y  VT' v '
u i th  K* = 2  f o r  both o' and rr bonds.
C a lcu la ted  e le c t ro n ic  t r a n s i t io n  energies are compared u i th  the
v is ib le  and near U.V. absorption bands o f  the c r y s t a l A l t h o u g h
there  is  agreement in  the q u a l i t a t iv e  s tru c tu re  o f  the spectrum,
c a lc u la te d  t r a n s i t io n  energies are sm aller  than the observed ones,
e s p e c ia l ly  fo r  the charge t ra n s fe r  bands. S im i la r  agreement i s  claimed
fo r  K -P tC l . ,  but in  th is  case d e ta i ls  o f  the c a lc u la t io n  and the observed 2 4
(341)spectrum are sparse .
By c o n tra s t ,  Basch and G r a y ^ ^ ^  have described in  d e t a i l  an SCCC
2 -  2 -c a lc u la t io n  on the square p lanar anion, PtCl^. (and also on PdCl^ ) ,
(344)made according to t h e i r  oun u e l l - e s ta b l is h e d  s p e c i f ic a t io n s  . The
basis inc ludes 5d, 6 s and 6 p o r b i t a ls  from P t and 3s and 3p o r b i t a ls
from C l.  In  an e a r l i e r  u o r k ^ * ^  these authors had published a n a ly t ic a l
AO’ s fo r  s in g ly  charged t r a n s i t io n  metal atoms o f  the second and th i r d
rous, found by f i t t i n g  l i n e a r  combinations o f  STO’ s to numerical HF
fu n c t io n s .  On f in d in g  from t h e i r  SCCC c a lc u la t io n s  th a t  charges on the
metal atoms in  complexes uere c lo ser  to zero than u n i ty ,  neu d o r b i t a l
func tions  uere apparan tly  c a lc u la te d ,  though prec ise  d e t a i ls  are not 
(343)aiven
Resonance in te g r a ls  have been c a lc u la ted  using equation ( 6 . 1 ) ,  
u i th  K = 1*98 and K = 1 * 8 0 ^ ^ ^ .  These values have been chosen so- cT T7
th a t  the c a lc u la te d  b_ —>3b„ t r a n s i t io n  energy e x a c t ly  coincides u i th2 u 1 g a/ /
2-the energy o f  the f i r s t  charge t r a n s fe r  band o f PtCl , and so th a t
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the c a lc u la te d  energies o f  the fo rb idden d—Hi t r a n s i t io n s  roughly  
co inc ide  u i th  the energies o f  the ueak absorptions in  the v is ib le  
reg ion* A reasonable le v e l  o f  agreement has been in fe r r e d  f o r  the r e s t  
o f the spectrum, though the lo u e s t  energy ueak bands remain unassigned*
Cotton and H a r r i s ^ * ^  have made a d e ta i le d  IEH study o f  P t C l ^ ~ ,  
in  uhich the e f fe c ts  on o r b i t a l  or t o t a l  energies o f  vary ing  severa l  
parameters in  tu rn  are s tu d ie d . Use i s  made o f  both equations (6 *1 )  
and ( 6 .3 )  fo r  the resonance in t e g r a ls ,  in  t e s t  c a lc u la t io n s .  In  the  
optimum method, equation ( 6 .1 )  is  used u i th  K = 1 *8 ,  a f i t  betueen 
the lo u e s t  c a lc u la te d  (fo rb idd en) t r a n s i t io n  energy and a ueak observed 
band being thereby obta ined . The basis s e t  is  q u a l i t a t i v e ly  the same 
as th a t  used by Basch and G r a y ^ ^ ^ ,  though the STO exponents are  
determined by matching the overlap in te g r a ls  c a lc u la te d  using HP AO’ s, 
except fo r  the P t 6p exponent uhich is  apparently  guessed. The h are
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given a l i n e a r  dependence on the net atomic charge, being changed by 
-  1 el/ per u n i t  charge.
The o rd erin g  o f  o r b i t a l  energies obtained by Cotton and H a r r is ^ * ^ ^
i s  q u a l i t a t i v e ly  superio r  to th a t  obtained by Basch and G ra y ^ ^ *^ ,  in
th a t  the occurence o f  a b^  HOMO perm its a s a t is fa c to r y  account o f  the
lou  energy Laporte forb idden t r a n s i t io n s .  Houever, both treatm ents
p r e d ic t  th a t  the eigenvalue o rdering  o f the MO's u i th  dominant
2 2c o n tr ib u t io n s  from one or o ther  o f the 5d AO’ s is  x - y  > x y >  (x z ,y z )>
2z • They are s l i g h t l y  a t  odds u i th  the e a r ly  q u a l i t a t iv e  MO trea tm en t
o f  Gray and B a lh a u s e n ^ ^ ^ , uhich p re d ic ts  the reverse order f o r  (x z ,y z )
. 2 and z ,
In  a consecutive s t u d y C o t t o n  and H a rr is  have used the same 
method to c a lc u la te  the e le c tro n ic  s tru c tu re s  o f the o c tah ed ra l
hexachlorides o f  R e ( IV ) , O s ( IV ) ,  I r ( l V )  and P t ( l V ) .  Good agreement
between observed and c a lc u la te d  values o f  10 Dq i s  obta ined . Using
t h e i r  own scheme o f  approximation f o r  the various i n t e g r a l s ^ * ^ ^ , the
3SC1
same authors have calculated^JMQR coupling constants fo r  these
(3 4 7 ,3 48 )  . 2 -  (346 ,348 ) „ ,complexes and PtCl^, . Agreement between the observed
and c a lc u la te d  values o f  eqQ i s  im pressive, e s p e c ia l ly  fo r  the P t
complexes.
Zumdahl(^ 49 ,350 ) c a lc u la te d  the e le c t ro n ic  s tru c tu re s  o f  twelve
square p la n ar P t ( l l )  complexes by the method o f  Cotton and H a r r i s ^ ^ * ^ ,
though using the a n a ly t ic a l  AO’ s o f Basch and G r a y ^ ^ ^  fo r  P t .  Species
considered are o f  the types: t ra n s -P tC l  L(l\lH ) ,  where L = H O, Cl ,z o z
NH3 , H2S, CH3 , PH3 and H"; and tra n s -P t(H )L (P H 3) 2 , where. L = C l" ,  Br",
I  , SCN and CI\I -. The v a r ia t io n s  in  m e ta l- l ig a n d  bond s tre n g th s ,  as
c h ara c te r ize d  by the overlap popu la tions , upon v a r ia t io n  o f  L, perm it
1 95a th e o r e t ic a l  in t e r p r e t a t io n  o f  the k in e t ic  trans  e f f e c t .  P t-H  
coupling constants have also been c a lc u la te d  fo r  the second s e r ie s ,  
though no d e t a i ls  are g i v e n ^ “^ .
Schre iner and B r i l l ^ ' ^  have, l i k e  M o o r e ^ * ^ ,  performed an MO
c a lc u la t io n  on the Zeise anion, P t(C 2H4 ) C l3" .  The method o f Cotton and
(345)H a rr is  has been used, though w ith  K = 1 *9 .  The in c lu s io n  in  the
basis o f  a l l  o f  the valence AO’ s fo r  the atoms o f  the ^ H ^  l ig a n d ,
c . f .  M o o r e ^ ^ ^ ,  i s  apparen tly  im portant in  the in t e r p r e t a t io n  o f  the
bonding and tran s  e f f e c t  o f  th is  l ig a n d .  Comparing d i r e c t l y  the P t -C l
2 -bond overlap populations u i th  those obtained fo r  PtCl^, by Cotton and
H a r r i s ^ ^ ^  ( u i t h  apparent neg lect o f  the e f f e c t  o f  changing K ), a
35q u a l i t a t iv e  in t e r p r e t a t io n  is  given o f the observed higher Cl NQR 
frequencies  o f  Z e is e ’ s s a l t  c . f .  potassium t e t r a c h lo r o p la t in a t e .
Lai and H u b b a r d ^ * ^  have used MO c a lc u la t io n s  to model various
e l e c t r o l y t i c  in te rco n ve rs io n s  betueen P t ( l \ / )  and P t ( l l )  complexes,
thought to  be mediated by the form ation  o f  h a l id e  bridges betueen the
P t io n  o f  the complex and the P t e lec tro d e  surface* The MO method
d i f f e r s  from th a t  used by Zumdahl ^4^’ j.n th a t  only  the l ig an d
USIP’ s are adjusted i t e r a t i v e l y *  C a lcu la t io n s  have been performed on
P t(C N )4 [C l2] n‘ * ) P tC l4 [ d 2]  n" 4 , Pt(NH3) 2 [ c i2] n- 2 , P t (NH3) 4 [ c i2] n
and Pt(NH3)2Cl2[ci(H20)] n_1, uhere n = 0, 1 or 2 fo r  the Pt(II), Pt(III)
or P t ( l \ / )  complexes, re s p e c t iv e ly *  Ligands presented in  square brackets
uhich adopt tran s  r e la t i v e  o r ie n ta t io n s ,  are on ly  s ta b ly  bonded i f
n > 0 .  Assuming th a t  the ap propria te  separations o f  these l ig an d s  from
P t ( IU )  or P t ( I l )  do not change during the a d d it io n  or removal o f  an
e le c tro n ,  r e s p e c t iv e ly ,  the a c t iv a t io n  energies fo r  cathodic  or anodic
(re s p e c t iv e ly )  conversion to the P t ( I I l )  complexes are c a lc u la te d *
A f te r  c o rre c t in g  each c a lc u la te d  a c t iv a t io n  energy fo r  the discrepancy
betueen the observed and c a lc u la ted  values o f  E^ 0 ( th e  standard
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p o te n t ia l  fo r  the P t ( l V ) - P t ( l l )  c o u p le ) ,  good c o r re la t io n s  betueen the  
observed and c a lc u la te d  a c t iv a t io n  energies are ev id en t f o r  both  
o x id a t io n  and reduct io n*
The unimportance o f  TT-back donation, compared u i th  d -donation  o f  
e le c tro n s ,  f o r  m e ta l- l ig a n d  bonding in  the Zeise anion, as observed by 
Schre iner and B r i l l ^ ^ \  is  confirmed in  an IEH study by Iuayanagi
f  7 C 7  \
and S a ito  .  The same STO's and \JS IP 's  fo r  P t as used by Cotton and
H a r r is ^ ^ * ^  are employed in  th is  s tu d y ^ ^ *^ ,  though no d e t a i ls  o f  the
charge i t e r a t i v e  procedure are g iven. C a lcu la t io n s  on fo u r  o th e r
(353)complexes o f the form tra n s -P t (C 2 H^,)LCl2 are reported  , uhere 
L = H O, NH , Cf\T or PH„. The trans in f lu e n c e  o f  L ( i . e .  i t s  a b i l i t y
Z W J
to reduce the P t-C 2 H^  bond s tre n g th ) ,  uhich operates through the d-bonds
is  in  the order PH3 >Cf\f >NH3 >C1~ >H20. The re s u l ts  are in  p a r t
. (353)confirmed by NMR and v ib r a t io n a l  spectroscopic stud ies  •
Ibusuk i and S a i t o ^ ^ ^  have used IEH c a lc u la t io n s  to  make a
13q u a l i t a t iv e  in t e r p r e t a t io n  o f  the C NMR s h i f t s  and N ( 1 s ) binding
e n e rg ie s  observed f o r  tra n s -P tC ^ P V ^ *  trans-H gC l^PV^ an  ^ f r e e  p y r id in e .
The HO method d i f f e r s  from th a t  used by Z u m d a h l^ ^ , ' ^ ^  in  a doubling
o f the s e n s i t i v i t y  o f  the -h to  the net atomic charges. The net charges
on a given p y r id in e  r in g  atom in  the th ree  species l i e  in  the same order
as the r e la t i v e  NMR or XPS chemical s h i f t s ,  u i th  the exception o f  those
on C. •4
s
U ith  the c o r re c t  choice o f  fu n c t io n a l  dependence on atomic charge, 
h ^  is  capable o f  reproducing the changes in  F due to p u re ly  lo c a l  
changes a t  the given atom, A, i . e .  the removal or a d d it io n  o f  e lec tro n s  
to or from i n f i n i t y .  This fu n c t io n a l  dependence i s  p re c is e ly  th a t  o f  
the io n iz a t io n  p o te n t ia l  on the o x id a t io n  s ta te  in  the is o la te d  atom.
In  a molecule, houever, changes in  e le c t ro n ic  charge in  the v i c i n i t y  
o f  A are aluays accompanied by complementary changes in  the v i c i n i t y  
o f  the o ther atoms, such th a t  the t o t a l  e le c tro n  popu la tion  is  conserved. 
These complementary, non-loca l changes a lso a f f e c t  F v ia  the Coulomb 
la u .  I f  atomic core B and the valence e lec tro n s  assigned to i t  are  
represented as a p o in t  u i th  charge Q^, then the c o n tr ib u t io n  to F i s  
approximated as [ -Q g /r^ J  p) , or more crudely  as -Qg/R^g. For th is  
reason, as a lread y  in d ic a te d  above, independent e le c tro n  methods are  
blessed by a crude c a n c e l la t io n  o f  e r ro rs  uhen the net atomic charges are  
sm all .  This i s  not normally the case in  t r a n s i t io n  metal complexes.
Some authors o f  s e l f - c o n s is te n t  charge c a lc u la t io n s  have chosen a 
fu n c t io n a l  dependence o f  F on atomic charge uhich takes some account 
o f the e f f e c t  o f  the concomitant n on-loca l charge v a r ia t io n s .  Despite  
the f a c t  th a t  the io n iz a t io n  p o te n t ia ls  o f  the Pt atom in d ic a te  a 
v a r ia t io n  in  F o f  about -  10 e V /u n i t  charge, observation  o f  the
W
concomitant increase  in  the term “ QD/R«n as e lec tro n s  are u i t h -
B=A B AB
draun from P t (designated A) to the Cl atoms has led  Cotton and
H a r r i s ^ * ^  to  l i m i t  the v a r ia t io n  to -  1 e V /u n i t  charge* Although
th is  doubtless has the c o r re c t  order o f  magnitude, the choice o f  the  
. •
exact value seems to  have been ra th e r  s u b jec t iv e *  Furthermore, the  
j u s t i f i c a t i o n  f o r  using the same v a r ia t io n  fo r  c a lc u la t io n s  on other  
P t ( I l )  complexes (^49-52) tenuous.
A more complex scheme o f  ad hoc i t e r a t i v e  v a r ia t io n  could no doubt 
make the h s e n s i t iv e  to both lo c a l  and non-loca l charqe v a r ia t io n s *
VP
However, u i th  such a le v e l  o f  com plex ity , one might ju s t  as w e l l  scrap
the independent e le c tro n  fo rm u la tio n  in  favour o f  th a t  o f  H a l l  and 
(133)Roothaan , in  uhich a l l  re le v a n t  in te r a c t io n s  are included a p r i o r i *  
The crudest scheme o f  approximation commonly app lied  to the H a l l -  
Roothaan fo rm u la tio n  is  2D0, uhich r e s u l ts  in  equations (2 * 3 0 ) .  From 
these equations i t  i s  c le a r  th a t  the F are s e n s it iv e  to the populations  
o f a l l  AO’ s, lo c a l  and n o n -lo c a l,  though the o f f -d ia g o n a l  elements,
F , are not.yv
Equations (2 *3 0 )  have a ra th e r  more general v a l i d i t y  than the  
(WDaJW)o r ig in a l  CNDO methods' ^  , in  uhich the AO’ s o f  a l l  valence subshells
o f  a given atom are represented by the same r a d ia l  fu n c t io n .  U ith
, . , . . . , .  ■ . . . . . . (140 ,1 41 )the s p h er ic a l  averaging requ ired  fo r  r o t a t io n a l  in v a r ia n ce  ,
then ue have fo r  the coulomb in te g r a ls :
y j n r — ^ A R  <6 * 4 )
i . e .  the coulomb in te g ra l, V AD, is  common to a l l  pairs of o rb ita ls ,
Ati
jj on A and v o n  B, even uhen A =B. The use o f the same r a d ia l  fu n c t io n  
fo r  s and p o r b i t a ls  u i th  the same p r in c ip a l  quantum number, as 
suggested by S la te r  r u le s ^ ^ ~ ^ ,  is  o f te n  reasonable. HF 2p o r b i t a ls  
fo r  f i r s t  row atoms are only  s l i g h t l y  more d i f fu s e  than the corresponding
2s o n e s ^ ^ ^ .  However, the re s u l ts  o f  HF calculations^*'3'30  ^ a lread y
9 1 _quoted above in d ic a te  th a t  the 6s o r b i t a l  o f  P t(5d  6s ) has an r
value about QD% g re a te r  than the corresponding 5d o r b i t a l  ra d iu s .
The mutual re p u ls io n  o f  tuo e lec tro n s  in  the 6s o r b i t a l  i s  thereby much
less  than th a t  o f  tuo e le c tro n s  in  the 5d o r b i t a l ,  the fo l lo w in g
coulomb in te g r a ls  being c a lc u la ted  from the Herman-Skillman^'3^ ^
numerical fu n c tio n s  fo r  P t(5d^6s^): V_ , = 16*8 el/: V -   ^ = 7*6 el/.'  5d,5d 7 6s ,6s
In  applying  equation ( 6 .4 )  f o r  the case uhen A = B = P t ,  ue th e re fo re  
expect e rro rs  o f  over *100% in  the coulomb in t e g r a ls .
N everthe less , some CI\ID0 MO works on P t complexes s t i l l  make
1357)b lan ke t a p p l ic a t io n  o f equation ( 6 . 4 ) .  Armstrong e t  a l  ; have 
studied the tran s  e f f e c t  in  complexes o f  the types PtCl^L and t r a n s -  
P tC l2 (NH3)L ,  uhere L = C ^ ,  PH3 , CO, H ’S, NH^- H20, H“ , C f f , CH3” , Br” , 
Cl” , OH” or N02 • O rb i ta ls  co n tr ibu ted  to the basis by P t  are presumably 
STO’ s u i th  Burns^'3'3^  va lues , though th is  i s  not e x p l i c i t l y  stated^*30* ^ , 
The diagonal elements o f  the core Ham iltonian m a tr ix ,  H, are estim ated  
using equation ( 6 . 5 ) :
H = -  I  + V  -  >  V ( 6 .5 )  *p jj yi °L1U Y °U V
uhere I  i s  the io n iz a t io n  p o te n t ia l  o f  subshell (n ,1  ) and Ny i s  the
P P P
occupancy o f  AO in  the n e u tra l  ground s ta te  o f  the atom to uhich i t  
belongs. The o f f -d ia g o n a l  elements o f  H are estimated by an expression  
s im i la r  to ( 6 . 3 ) :
H = -  S ( I  I , ) * .  ( 6 .6 )
JJV JJV JJ v
A s in g le  one -cen tre  coulomb in t e g r a l  o f  value 9«8 elI i s  used f o r  P t .
The method o f  c a lc u la t io n  o f the tu o -ce n tre  coulomb in te g r a ls  i s  not 
s ta te d .
tW
C a lcu la t io n s  on the ground and exc ited  s ta te s  o f^Zeise  anion are  
used to check the method. The f i r s t  four s in g le t - s in g le t  e x c i ta t io n
energies shou reasonable agreement u i th  experim ent. Furthermore, a net
2 -metal atom charge o f  + 0*36 i s  obtained fo r  PtCl^ , compared u i th  the
+ 0*44 estim ated by Marram e t  a l ^ ^ ^  from the Tounes-Dailey r e l a t i o n ^ * ^
35using the observed Cl NQR coupling constant and assuming a 15% Cl 3s
o r b i t a l  c o n tr ib u t io n  to the P t -C l  bond.
By c a lc u la t in g  the Uiberg bond index betueen P t and the l ig an d
(357)tran s  to L in  each o f  the compounds l i s t e d  above, Armstrong e t  a l  
have p re d ic ted  t r a n s -d i r e c t in g  in f lu e n ce s  f o r  the various l ig a n d s ,  L.
The c a lc u la te d  order i s  said to f o l lo u  th a t  o f  the experim ental trans  
e f f e c t ,  except uhere L is  tt bonding. The f a c t  th a t  a l l  the quoted 
l ig a n d s ,  except H , are capable o f  n-bonding may then e x p la in  uhy the  
orderin g  o f  the bond in d ice s  seems on s c ru t in y  to bear a m arginal  
c o r r e la t io n  u i th  the experim ental o rd e r in g .
In  a f u r t h e r  s t u d y ^ ^ ^ ,  Armstrong e t  a l  have considered th re e  s e r ie s  
o f  P t ( l l )  io d id e  complexes, these having the forms P tL I„ ,  t r a n s -P tL ^ I -  -
w Z Z
and c is - P t L ^ ^ *  uhere L = SiH^ , I  and those l igands considered above.
Comparison o f  the orderings o f  the c a lc u la te d  bond in d ices  f o r  the th ree
s e r ie s  in d ic a te s  th a t  the c is  in f lu e n ce s  o f the various l igands  do not
p a r a l l e l  the corresponding trans  in f lu e n c e s .  This is  r a t io n a l is e d  in
127terms o f  d i f f e r e n t  o r b i t a l  mechanisms f o r  the tuo in f lu e n c e s .  I
NQR coupling constants (o r  ra th e r  the  r a t i o  o f  the molecular to  atomic 
127 I  values) have been c a lc u la ted  by a fo rm u la tio n  s im i la r  to t h a t  given
/ *7 C O \
by Greenuood and Gibb' ' i . e .  employing the populations o f  the io d in e  
p - o r b i t a ls ,  fo r  s ix  o f  the complexes. The agreement u i th  the values  
observed fo r  these or s im i la r  complexes i s  said to be good but in
f a c t  i s  m arg ina l.
Baranovskii and c o u o r k e r s ^ ^ ^  have performed many MO c a lc u la t io n s  
on P t and o ther t r a n s i t io n  metal complexes using the o r ig in a l  CNDO/2
(144)fo rm u la tio n  ' ,  i . e .  u i th  b lan ke t a p p l ic a t io n  o f  equation ( 6 . 4 ) .
The f a c t  th a t  thought has been given to th is  approximation i s  r e f le c te d
in  the use o f  Yg^ ^  (obta ined e m p ir ic a l ly  from the P a r is e r  r e l a t i o n ^  “^  )
as the one -cen tre  coulomb in t e g r a l  fo r  P t .  Since 5d subshell populations
are aluays f a r  g re a te r  than 6 s and 6 p popu la tions , Yr-_, would dominate5d ^  bo
a ueighted mean. Tuo-centre coulomb in te g r a ls  are c a lc u la te d  by Ohno's
. .  (365)eq u atio n ' .
In  c a lc u la t in g  overlap  in te g r a ls  fo r  the P t compounds ,
Baranovskii e t  a l  have used the Basch and G r a y ^ ^ ^  5d and 6 s functions
fo r  P t .  Houever, f in d in g  the corresponding 6 p fu n c t io n  to be too
( "^ RR )
h ig h ly  co n trac ted , they have used a Burns 6 p fu n c t io n .  The H
are c a lc u la te d  using equation ( 6 . 5 ) .  Resonance in te g r a ls  are c a lc u la te d  
by the o r ig in a l  CNDO/2 formula:
H = A n  S uhere u is  on A and is  on B. ( 6 . 6 a)}jy / AB jj\r '
= * $  ♦ Z & V  <6 * 6b>
For most o f  the c a l c u l a t i o n s , h a s  apparen tly  been s e t  equal to  
-  9 i . e .  roughly equal in  magnitude to both the 5d and 6 s
io n iz a t io n  p o te n t ia ls .
A c c e p t a b i l i t y  o f  th e  p a ra m e te rs  has been t e s t e d  by c a l c u l a t i o n s  on
2_ 2« f 364)
PtCl^, *” and P t ^ N ) ^  ~ • The MO energy le v e l  diagrams are compared
u i t h  th o s e  o b ta in e d  i n  p r e v io u s  c a l c u l a t i o n s  and u i t h  th e  v a le n c e
photo electron  (PE) spectra  observed by Biloen and P r in s '  9 '  fo r
the sodium and l i th iu m  s a l t s ,  re s p e c t iv e ly ,  o f  the tuo anions. There
i s  a ro u g h  q u a l i t a t i v e  ag reem en t be tu e e n  a l l  th e  c a l c u l a t i o n s ,  u h ic h
give MO's c o n s is t in g  c h ie f ly  o f  the 3s AO's o f  Cl in  the range -  16 to
-  21 eV and then a gap o f  about 8 eV before MO's con s is t in g  c h ie f l y  o f
3p ( -1 0  to -  6 eV) and then the 3p/5d bonding MO's ( -  6 to -  3 e \ l ) ,
This d is t r ib u t io n  o f  s ta te s  i s  com pletely  c o n s is ten t u i th  the PE spectrum# 
A l l  c a lc u la t io n s  g ive the same order o f  P t 5d c h ara c te r ize d  bonding 
MO's.
2 _
• For Pt(CN)^ th ere  i s  a lso good agreement betueen the CNDD
d is t r ib u t io n  o f  s ta te s  and the  PE spectrum. The ordering  o f le v e ls ,
houever, does not correspond e x a c t ly  u i th  th a t  p red ic te d  by the X*
study o f  In t e r r a n t e  and M e s s m e r^ ^ ^ . Baranovskii e t  a l ^ ^ ^  p r e d ic t
both the HOMO and LEMO to be o f  b. symmetry, u i t h  s u b s ta n t ia l  5d , ,
1 g 19 x * -y *
c o n tr ib u t io n s .  In t e r r a n t e  and Messmer p r e d ic t  the HOMO to be b u i th
2g
a Bd^y,component and the LEMO to be a^u u i th  a 6 p^ component.
I t  seems t h a t  Baranovskii e t  a l ^ ^ ^  have c a lc u la te d  e le c t r o n ic
2 -  2 —t r a n s i t io n  energies fo r  both PtCl^ and Pt(Cf\!)^ , using a method
2_
in c lu d in g  c o n f ig u ra t io n  in te r a c t io n  ( C l ) .  D e ta i ls  given f o r  PtCl^
are sketchy. The only c le a r  d e f ic ie n c y  in  the c a lc u la ted  spectrum is
the i n a b i l i t y  to assign the ueak bands observed in  the reg ion  2 * 2  to
2_
3*3 eU. For Pt(CI\l)^ , on ly  the energies c a lc u la te d  f o r  the f i r s t  tun 
alloued  t r a n s i t io n s  are given and these are too high, unless ue assume, 
l i k e  the authors, th a t  c e r ta in  less  in te n se  observed bands correspond to  
fo rb idden t r a n s i t io n s .
Baranovskii e t  a l ^ * ^  have app lied  t h e i r  method to  the e s t im a tio n  
o f m e ta l- l ig a n d  bond strengths in  a la rg e  number o f  complexes. Use is  
made o f  the bond energy, defined as in  ( 2 . 4 1 ) ,  but u i th  the
in te rn u c le a r  re p u ls io n  term, ( Z n Zd) / R . d, replaced by Z„ ZD The
A d Mo A o Ao
p a r t  o f  E . d due to cova len t bonding, E^°q, i s  separated out:
Ad . A—d
ea-b = :> fi <2 >  ■ i  v ^ « b) v  c6 ,7 )
y  y
The summation over a l l  atoms B ^ A, as in  equation ( 2 .4 2 ) ,  leads to a
q u a n t i ty  s im i la r  to EBIWq ( a) !
= <  e“ b ( 6 - e>
B^A
By use o f  a basis such th a t  a l l  l ig an d  AO's have e i t h e r  d or tt 
symmetry u i th  respec t to the m e ta l- l ig a n d  bond, i t  i s  possib le  to  
separate  the d and n bonding c a p a b i l i t i e s  o f  the l ig a n d .  The valence  
a c t i v i t y ,  o f  AO is  d e t e r m i n e d b y  i t s  p o p u la tio n , -^n
the fo l lo u in g  manner:
V = 2 P -  P 2  ( 6 .9 )
y  yy yy
The d and rr bonding c a p a b i l i t i e s ,  and V^, are hence defined by 
summations over those AO's o f  l ig an d  L uhich have the a p p ro p ria te  
symmetries:
AV L) = ' (6-10)
ecr
y e n
The methods described have been a p p l i e d t o  the study o f
e leven complexes o f  the type PtCl L. Based on the values o f  V (L )J o
and V (L) f ° r  these and s im i la r  complexes o f  Pd and Ru, the fo l lo u in g  
c la s s i f i c a t io n  o f  l igands  to d-donor and rr-acceptor c a p a b i l i t i e s  has 
been proposed :
d-donor
N07“ ~Cf\T~CH3~ >H~ >5CH3~ >(CH3 ) 2 S > c r ^ C 2 H4 -CO -N H 2“ >  (CH3) 2S0 >
0H“ > h'2 0 ~ N 0 +
tt- acceptor
no+ > c o M ch3) 2 s > c2 h4 ~ ( ch3 ) 2 s o ^ cm" > sch3*“ > ch3'‘ ^ nh3 —  NO “k /
H 0 ^ c r ^ 0 H “ ^ N H 2“^ H "
The c a lc u la t io n s  on these complexes and others o f  the type PtX„L (uhere
O
X = NH3, H2 Q, CO, CN"; L = N0+ , CO, CN~, C l~ , NH , H2 0) s h o i /369) hou 
g r e a t ly  the P t -L  bond i s  a f fe c te d  by the charge on X# Ligands X 
bearing a negative  charge prevent the m a n ife s ta t io n  o f  the b a n d  t t  
donor p ro p e r t ie s  o f  L and s t im u la te  the t ra n s fe r  o f  e le c tro n s  to L,
co vThe use o f  Ep^  ^ to c h a ra c te r is e  the firmness o f b inding o f  X in  
th is  ser ies  leads to p a r a l l e l  orderings fo r  L according to i t s  c is  and 
trans  in f lu e n c e s .  The order here e s s e n t ia l ly  coincides u i th  the order  
o f tran s  in f lu e n ce s  suggested by Zumdahl and Drago^3^9^, Using E(^) 
fo r  the same purpose leads to  the same order o f  trans  in f lu e n c e s ,  but 
q u ite  a d i f f e r e n t  order fo r  the c is  in f lu e n ce s  o f  the L, This is  
because o f  the importance o f  d i r e c t  X-L in te r a c t io n  uhen X is  c is  to  L, 
uhich i s  taken in to  account in  but not in  Ep°V^,
(370)
Sizova e t  a l  have a lso s tudied the trans  e f f e c t  o f  L on the
P t-X  bond s t a b i l i t y  in  complexes o f  the type: trans-Pt(l\lH  ) XL,O
uhere X = C l" or H20 and L = H", C l" ,  NH3> CO, DNSO, C ^ ,  H20 o r  N0+ .
As u e l l  as Ep°V  ^ , a q u a n t i ty  approximating ^as keen c a lc u la te d
Both q u a n t i t ie s  p a r a l l e l  the r a te  o f  hydro lys is  o f  the P t-X  bond, as 
observed in  f i v e  complexes u i th  X = C l" ,
C a lc u la t io n  o f  \l and V fo r  the ligands in  h y p o th e t ic a l  complexes
d  TT
o f  the type PtCl (CO), , uhere n = 0 to 4 ^ ^ )  leads to the conclusion' n 4-n  7
th a t  the Pt-CQ bond is  less  s e n s i t iv e  to environment than the P t -C l  bond 
U (CO) and 11 (CO) undergo m utually  compensating changes as the o th er
O TT
l igands  are v a r ie d ,  so th a t  the t o t a l  valence a c t i v i t y ,  V^(CO) + V ^C O ),  
remains f a i r l y  steady.
C a lcu la t io n s  have been performed^3* ^  on complexes o f  the form
P t [ l l ] ( H 20) , uhere n = 1, 2 , 4 and 6, in  a study o f  th e -h y d ra t io n  o f
severa l t r a n s i t io n  metal and n o n tra n s it io n  metal c a t io n s .  Metal-H^O
bonding in  the t r a n s i t io n  metal hydrates has a s u b s ta n t ia l  cova len t
component, uhereas the n o n tra n s it io n  metal hydrates are bound predominantly
by coulombic in te r a c t io n s  o f  the monopole-permanent d ip o le  and monopole-
induced d ip o le  typ es . C a lc u la t io n s  have also been performed on the
complexes P t ( l l ) C l  (H _0 ). and on the associates o f  these u i th  an 2 4 -n
fu r t h e r  u a te r  molecule^3^ ^ • The e le c tro n  d ens ity  d is t r ib u t io n s  o f  the  
associate  supermolecules are used to e xp la in  the increase  in  pK o f  theH
complexes u i th  in c re a s in g  rr.
The Russian uorkers have made a number o f  c a lc u la t io n s  on complexes
u i th  the NO l ig a n d ,  uhich has the la r g e s t  TT-acceptor c a p a b i l i t y
2(see above). The c a lc u la te d  p ro p e r t ie s  o f  PtCl(NH ) NO + ,O M _
PtCl(NH3) 4 N02+ . (C1~)2 .H20 and Pt(NH3) 4 N03+ have been compared u i th  those
o f  P tC N H ^ )^ *  and Pt(NH^)g^+ jhe  c a lc u la te d  p ro p e r t ie s  o f
2 -  2 -P tC l,N 0  and PtCl^NO have been compared u i th  those o f  P tC l ,  ,4 5 4 9 ■
P tC lg " ,  P tC l53‘ , P tC lg2" and PtCl(NH3 ) 4 N02+ Pooling the
r e s u l ts ^ 3^ ^ , i t  has been possib le  to give a th e o r e t ic a l  in t e r p r e t a t io n  
o f various observa tions , in c lu d in g  the po larograph ic  p ro p e r t ie s  o f  
s im i la r  complexes, the ease o f  h y d ro ly t ic  s u b s t i tu t io n  o f various  
l ig a n d s ,  the n o n - l in e a r i t y  o f  the Pt-N-Q fragment and the i n s e n s i t i v i t y  
o f the p o s it io n s  o f  the 1R peak fo r  N-0 s t re tc h  and the c h a r a c te r is t ic  
n i t r o s y l  v is ib le  absorption band to the chemical environment.
(372)Bedrina e t  a l  have applied the methods o f  Baranovskii e t
a i (3 6 4 )  ^ study o f  the bonding and charge d is t r ib u t io n  in  c is -  and
tr a n s -P tC l2 (NH20H)2 , t r a n s -P tC l2 (CH30NH2 ) 2 , t r a n s -P tC l2 (H0NHCH3 ) 2 and
tr a n s -P tC lo (NHo0H) 2+. The decreases in  E.. - and En u in  going from 
Z Z A Iv— ri U-n
the f re e  amine or amide ligands  to the above complexes p a r a l l e l  the  
observed decreases in  the IR s t re tc h  frequencies o f  these bonds on 
c o o rd in a t io n .
In  the f i r s t  reported  CNDO HD c a lc u la t io n  on a Pt complex,
(373) —Kato ' makes no use o f  approximation (6 .4 )  in  so lv ing  equations
( 2 .3 0 ) .  The STO’ s comprising the a l l  valence basis fo r  th is  c a lc u la t io n
on the Zeise anion are the optimum s in g le -t )  functions  o f  Clementi e t
97,374)  ^ s i nce f or p t  i s not  a v a i la b le  from th is  s o u r c e ^ 2^ ,
6p
th is  is  presumably se t equal to The H are c a lc u la ted  using
equation ( 6 . 5 ) ,  whereas the H are estimated using an o r ig in a l  and 
pu zz lin g  expression:
v = 1 v ((Zf l  + Zb + 2) V  ■ ( z* + 1 ) ^  ■ (Ze + i ) ^ w r )
(6 .12)
where $ i s  centred on atom A and fL, is  centred on atom B. The Yr u r r  u uu
(375) Vare estimated using the P a r is e r  expression ' and the <$ using the
(376)Mataga-Nishimoto re la t io n s h ip  .
I (373)
by the " frozen  o r b i t a ls "  method, using equation ( 6 .1 3 ) .  The corresponding
S in g le t  to s in g le t  t r a n s i t io n  energ ies , have been c a lc u la te d
o s c i l l a t o r  s tre n g th s , have also been c a lc u la te d ,  presumably using
equation ( 6 . 1 4 ) .  Agreement on both q u a n t i t ie s ,  fo r  those th ree  o f  the
teen a 
(341)
(377)four observed bands which have b ssigned, is  good, though the
assignment d i f f e r s  from th a t  o f  Moore
E- 3. • •+ 2 K. . (6 .1 3 )
J 1 1J
f .  . = (8  TT2 m / 3  h2jA E . . G. . D. . (6 .1 4 )i j  v e /  i j  i j  i j
(uhere G^. is  the degeneracy o f  the t r a n s i t io n  and:
= 4 M j > 2 + 4 M j> 2 + ^ h u ) 2 )
195The Fermi con tact term o f  the Pt-H nuclear s p in -s p in  coupling
(373)constant has a lso been c a lc u la te d  fo r  the Zeise an ion ' ' by the  method
(378 )o f  Pople and Sentry  . The value obta ined , -  40*4 Hz, compares
(379)with an observed value o f  magnitude 34 Hz and unknown s ig n .
2 -
Sakaki e t  a l  have performed CNDO c a lc u la t io n s  on PtCl^ , 
P tC l3 (C2H4 ) “ , PtBr3 (C2H4) ’ , Pt(PH3) 2 ( C ^ ) , P t C l ^ C ^ ) " ,  P t B r ^ C ^ ) "  
and Pt(PH3 ) 2 (C2 H2 ) ( 38° ) ;  trans-PtHX(PH ) , where X = F~, C l“ , Br",
I ’  and CN~ ^381^; Pt(PH3 ) 2 (CS2 ) and Pt(PH3) 2 (CO ) ^382\  The P t 5d 
and 6s AO's are based on the outer lobes o f the Basch and G r a y ^ ^ ^  
fu n c t io n s , the former being thereby a double-^ fu n c t io n ,  w hile  the  
same r a d ia l  fu n c t io n  is  used fo r  6p as fo r  6s. The H are c a lc u la te d
w
using equation ( 6 . 5 ) ,  w hile  the H are estimated by an expression
s im i la r  to ( 6 . 1 ) :
H = K S / 2  ( I  + I . r) (6 .1 5 )jjy y r  jj v
One-centre coulomb in te g r a ls  are estimated by P a r is e r 's
f T'TC
approximation fo r  the l ig an d  atoms, but by sca lin g  the e m p ir ic a l
values fo r  l\li by the r a t i o  o f the th e o r e t ic a l  values, ( P t ) / ) {  ( N i ) ,
fo r  P t .  Two-centre coulomb in te g r a ls  are c a lc u la ted  by a m o d if ic a t io n  
o f Ohno's method
= (RAB2 + {dy  + V 2 ) 2 <6 - 16>
where d = h / ( 2  Y  ) + a la n d  Rnr. i s  the in t e r n u c le a r  d is ta n c e .  y  I  pp y*  AB A l l
q u a n t i t ie s  are in  a .u .  in  the above equations. The constant a is  s e t
V
equal to zero unless $  i s  a P t 6s or 6p o r b i t a l .  The fo l lo w in g
values fo r  the various disposable parameters are obtained by f i t t i n g
2 -
c a lc u la te d  to observed e le c tro n ic  t r a n s i t io n  energies fo r  PtCl^.
( RRD )
and the Zeise anion : a = 1 * 5  e\/, ac -  2»5 eV, K„ = 0*9 and6s 6p 1
K2 = 0 *8 .  Here is  the scale  fa c to r  used in  equation (6 .1 4 )  i f
e i t h e r  $  or ^  i s  a d - o r b i t a l ,  being otherwise used*
The methods used to c a lc u la te  the energies and f -v a lu e s  o f  the
2 -e le c t ro n ic  t r a n s i t io n s  o f  PtCl^ and the Zeise anion are not e x p l i c i t l y  
s t a t e d ^ ^ \  Agreement w ith  the observed spectra  is  good, e s p e c ia l ly  
fo r  the low energy bands, which are apparen tly  the f i t t e d  ones*
C a lcu la ted  charge d is t r ib u t io n s  and bond energies fo r  the P t ( I l )  
complexes PtX2 (C2 H^) and PtX2 (C2 H2 ) » where X = Cl or Br~, -are compared 
with  those f o r  the P t (0 )  complexes P t tP H ^ C f^ H ^ )  and Pt(PH3) 2 (C2 H2 ) ^380^. 
Net P t  charges are a l l  around + 0*3 in  the P t ( I l )  complexes, and -  0*5  
in  the P t (0 )  complexes. Bond energies c a lc u la te d  by the same method as 
Baranovskii e t  a l ^ ^ ^ ,  fo r  the Pt-hydrocarbon bonds are s u b s t a n t ia l ly  
higher in  the P t (0 )  complexes than in  the P t ( I l )  complexes*
Pt-H bond energies in  the trans-PtHXCPH^^ se r ie s  decrease in  the
fo l lo w in g  order in  X: F' - > c r >  Br* - > 0  CN i n agreement w ith
the observed Pt-H  s tre tc h  frequencies* P a r t  o f  the re a c t io n  surface
fo r  the e q u i l ib r iu m :
t r a n s -P tH X (P H j0 + C„H. v=* t ra n s -P t (C 0Hc) X ( P H j 0 
o Z Z h  .Z 5  o Z
i s  c a lc u la te d  f o r  the case X = Cl • A mechanism is  p o s tu la te d , based
on the t o t a l  energies and bond energies o f  a range o f pentacoord inated
in te rm e d ia te s *  Using the postu la ted  t r a n s i t io n  s ta te  c o n f ig u ra t io n ,
c a lc u la t io n s  are a lso performed fo r  X = F , Br , I  and CN • The r e la t i v e
c a t a ly t i c  a b i l i t i e s  o f the PtHXCPH^^ fo r  the ethy lene H-D exchange
re a c t io n  is  p re d ic te d  using the C-H bond energies in  the t r a n s i t io n
s ta te  species*
Sakaki e t  a l ^ * ^  have also made a study o f geometry in  P t (0 )
/  •7*7 0  \
complexes, s im i la r  to th a t  o f  Nelson, Uheelock and coworkers .
To ta l and bond energies are p lo t te d  fo r  P^PH^) L, uhere L = C2 H2 >
CS2 and as a fu n c t io n  o f  the angular d is to r t io n  from l i n e a r i t y
(o r  p la n a r i t y  in  the case o f  t^H^) o f  L due to complexation. Results  
are analysed in  terms o f  c o n tr ib u t io n s  from the various bonding MO* s.  
P red ic ted  e q u i l ib r iu m  d is t o r t io n  angles are apparently  too sm all .
Van der Lugt has described an INDO method, uhich he has used to  
in v e s t ig a te  charge t r a n s fe r  t r a n s it io n s  in  a range o f metal complexes 
in c lu d in g  f i v e  p la t in a te s  (^ 8 3 ) .  jhe  P t 5d AO is  the same as t h a t  
used by Sakaki e t  a l ^ * ^ ,  u h i le  the Clementi e t  a l ^ ^ ^ )  s in g le - i i  6s 
r a d ia l  fu n c t io n  i s  used fo r  both 6s and 6p AO’ s. U ith  re fe ren ce  to  
equations ( 2 .3 1 ) ,  H is  c a lc u la te d  from:
H = U -  >  VB (6 .1 7 )
yy yy < yy
B^A
uhere: U i s  the lo c a l  core in t e g r a l  associated u i th  the a p p ro p ria te
subshell o f  atom A, obtained by adding the appropria te  c a lc u la te d  
in t e r e le c t r o n ic  in t e r a c t io n  energy to the d if fe re n c e  in  energy o f  the  
lo u e s t  terms o f  the ap propria te  n e u tra l  and s in g ly  io n ized  
c o n fig u ra t io n s  (as contrasted u i th  the usual d if fe re n c e  in
c o n f ig u ra t io n a l  averages over the various terms);
V is  the a t t r a c t io n  o f  core B fo r  an e le c tro n  in  o r b i t a l  $ ,
yy V
estimated by the formula:
,   2 i 'jjjj b yyV = ZR ( ( 2  V  r 2 + R R2) 2 (6 .1 8 )
uhere R i s  the in te r n u c le a r  d is tan ce . This method th e re fo re  d i f f e r sAo
from the CNDO methods described above and from the o r ig in a l  INDO
method^ in  th a t  the ’'n e g lec t  o f  p e n e tra t io n  procedure’1 (tantamount  
B ^to p u tt in g  V = ^s no  ^ usec  ^ -^n c a lc u la t in g  the nuclear
yy
a t t r a c t io n  in t e g r a ls .
The are c a lc u la te d  using equation (6 .1 5 )  u i th  K = ] .  The
o n e -cen tre ,  tu o -e le c t ro n  in te g r a ls  are taken zero unless they are o f  
the exchange or coulomb type , these being c a lc u la te d  t h e o r e t ic a l ly *
The method i s  th e re fo re  not in v a r ia n t  to  r o t a t io n ,  as discussed belou.
The tu o -c e n tre  coulomb in te g r a ls  are estimated by the Ohno-Klopman
• •• (384)approximation .
(383)The r e s u l ts  obtained fo r  square p lanar ha lides  o f  P t + Pd
in  terms o f  the energy orderin g  o f  the various MO’ s are in  s t a r t l i n g
+ ■ 4. 4. 4.U x. mn i t o .* (3 2 2 ,3 2 3 ,3 4 3 ,3 4 5 ,3 6 4 )c o n tra s t  to those from o th er  HO c a lc u la t io n s  '
uhich make c le a r  statements about th is  o rd er in g . The occupied MO's
uhich have strong metal d AO ch arac te r  l i e  s u b s ta n t ia l ly  belou the  
( 383^HOMO in  energy . In  f a c t  there  seem to be th ree  d i s t i n c t  groups 
o f occupied o r b i t a l s ,  c la s s i f ie d  in  ascending order o f  energy as: 
combinations o f  l ig an d  s-AO’ s; metal d-AO ch arac te r ised  PHIPs; 
combinations o f  l igand  p-AO’ s. Both independent e le c tro n  c a lc u la t io n s  
give the reverse  o r d e r ^ ^ * ^ ^  fo r  the second and th i r d  groups, u h i le  
CNDO^^^ and c a l c u l a t i o n s 323)  g^ve in te rm in g led  metal d and
l ig an d -p  c h arac te r ised  MO’ s in  an energy range higher than t h a t  occupied 
by the l ig an d  s - o r b i t a l s .  The Van der Lugt c a lc u la t io n s  also in d ic a te  
less  m e ta l- l ig a n d  cova lent bonding than do a l l  the o th ers .
2 -Van der Lugt has given more d e ta i le d  in fo rm atio n  f o r  PdCl^
2 -  (383) . 2 -than fo r  PtCl^ • I t  i s  shoun fo r  PdCl^ , th a t  the change in
e igenvalue range o f  the metal d ch ara c te r ised  MO’ s, r e la t i v e  to the
l ig an d  p ch arac te r ised  MO’ s, on going from IfJDO to IEH, may be
expla ined by the e q u a l iz a t io n  o f  a l l  elements,  ^ » associated  u i th
the o r b i t a l s ,  /  , o f  a given subshell o f  a given atom. Furthermore,  
(383b)i t  i s  shoun th a t  the lo u e r  e igenvalues fo r  the occupied metal
ch arac te r is ed  MO’ s do not mean th a t  the d—»d forbidden bands are  
p red ic ted  to be a t  h igher frequencies than the charge t r a n s fe r  bands 
( i . e .  co n tra ry  to o b s e rv a t io n ) .  The term in  equation (6 .1 3 )
i s  so much la r g e r  f o r  d—»d t r a n s i t io n s  than fo r  charge t r a n s fe r  ones, 
t h a t j s t i l l  comes out sm alle r  desp ite  the g re a te r  e igenvalue d i f fe r e n c e .  
In  f a c t  the p re d ic ted  d—»d t r a n s i t io n  energies are about 1 eV too lou  
from the INDO method.
The method used by Van der L u g t ^ 8*^ to estim ate  resonance in te g r a ls  
has a questionable  t h e o r e t ic a l  bas is . Furthermore, th e re  i s  on ly  a 
rough p a r a l l e l  betueen the io n iz a t io n  p o te n t ia ls  o f  the f i r s t  rou 
elements and the values chosen by Pople e t  a l ^ ^ 8a  ^ f o r  optimum
f i t  u i th  ab i n i t i o  r e s u l t s .  There is  no evidence o f Van der Lugt 
examining the e f f e c t  on h is c a lc u la t io n s  o f sca lin g  the H ^ ,  va lues . Had 
he done so, he might u e l l  have found, u i th  c e r t a in  scale  fa c to r s ,  an 
in te rm in g lin g  o f  metal d and l igand  p ch arac te r ised  MO’ s as obtained in  
the l a t e r  uorks o f  s im i la r  or g re a te r  s o p h is t ic a t io n  (^ 2 2 ,3 2 3 ,3 6 4 )^
This might have reduced h is  confidence in  a sc r ib in g  the c o n tra s t  in  
eigenvalue o rd e r in g ,  uhen comparing h is  method, using the unsealed H^^. , 
u i th  IEH, to the th e o r e t ic a l  s u p e r io r i ty  o f  INDO.
( 3R3)
Van der Lugt'1 has c a lc u la te d  s in g le t  to s in g le t  e x c i ta t io n
energies and o s c i l l a t o r  strengths f o r  fo u rteen  t r a n s i t io n  metal 
complexes, by c o n f ig u ra t io n  in te r a c t io n  o f  the " fro zen  o r b i t a l "  s ta te  
obtained from s in g le  e x c i ta t io n s  betueen the h ighest s ix te e n  occupied
and lo u e s t  th ree  empty MO1s. C a lcu la ted  energies and in t e n s i t i e s  fo r
2 -  2 -  2 -  2 -the charge t r a n s fe r  t ra n s i t io n s  o f PtCl^, , PtBr^ , PtCl^ , PtBr^. t
2 -
P tlg  and complexes o f  o ther  metals are in  q u ite  good agreement u i th  
experim ent. The o -mission o f  d e ta i ls  about the d—>d t r a n s i t io n s  is  
covered by the statement th a t  the method is  not s u i ta b le  fo r  the  
in t e r p r e t a t io n  o f  these.
Ros has used the same INDO method to examine bonding in  the square
2 (3Q5)
p lan ar complexes PtX^, , uhere X = F, C l ,  Br and I  .  The only
d if fe re n c e  from the c a lc u la t io n s  o f  Van der Lugt comes u i th  the in c lu s io n
o f l ig an d  d - o r b i t a ls  in to  the basis in  each case* The reason f o r  th is
in c lu s io n  is  the requirem ent o f  a r e a l i s t i c  account o f  TT-back-donation, 
the. s and p valence subshells  being f u l l  in  X~. The c a lc u la t io n s
in d ic a te  th a t  th e re  is  v i r t u a l l y  no TT-back-donation in  the ground s ta te
e le c t ro n ic  s tru c tu re s  o f  these complexes* o'-donation by the ligands  
increases in  the order F ^ C l ^ B r < ^ I .
The c a lc u la t io n s  o f  Ros bear out the ra th e r  io n ic  d e s c r ip t io n  o f
the m e ta l- l ig a n d  in t e r a c t io n  obtained by Van der Lugt. Net metal
(385) 2 -  2 -atom charges range from + 1*94 m  PtF^ to + 1•67 in  P t l^  •
There is  a lso agreement u i th  Van der Lugt over the r e la t i v e  eigenvalue
ranges spanned by the metal d and l ig an d  p ch arac te r is ed  MO*s.
C ontras ting  th is  sequence u i th  th a t  obtained in  both and
(323) . (385)X^ c a lc u la t io n s ,  Ros makes a p u zz l in g  comparison o f  the IEH
and X< methods in  s ta t in g  th a t  both methods approximate exchange
in te r a c t io n  by means o f  a lo c a l  exchange p o t e n t ia l .  In  f a c t  the
" lo c a l  exchange p o te n t ia l"  only has a c le a r  d e f in i t io n  fo r  the X«. .
method, uhere i t  s im p l i f ie s  the c a lc u la t io n  o f  the numerical value o f
a given o r b i t a l  fu n c t io n  a t  any given p o in t  in  space.
Present method o f  c a lc u la t io n  -  INDD/5R.
S tra te g y  o f 'M o d i f ic a t io n  o f  the CND02/3R Program.
The e f f e c t  o f  in c lu d in g  3d o r b i t a ls  in  the basis s e t  used fo r  
CNDO c a lc u la t io n s  on molecules conta in ing  second rou atoms has been 
examined by Santry  and Segal . These authors consider th ree  types
o f bas is ,  denoted in  terms o f  the c o n tr ib u t io n  o f  the second rou atom 
as: sp, spd and spd*. The most general o f  these, spd’ , uses the same
S la te r - ty p e  r a d ia l  fu n c t io n  fo r  s and p o r b i t a l s ,  u i th  f>-value chosen 
by S la te rs  ru le s ^ 888^, but a more d i f fu s e  r a d ia l  fu n c t io n  fo r  the 3d
o r b i t a l s .  On s p h e r ic a l ly  averaging the coulomb in t e g r a ls ,  expression
( 6 .4 )  no longer a p p lie s ,  fo r  th is  basis , i f  A or B is  a second rou
atom. For the case uhen A and B are f i r s t  and second rou atoms,
re s p e c t iv e ly ,  ue have ins tead  (using a s im i la r  no ta t io n  to these
»
( 386Kauthors ) :
f y y  ----- > s (A )s (B ) i f  f a  iS  an S ° r  P ° r b i t a l *
 s (A )d (B ) i f  f a  is  a d o r b i t a l -
Uhen A and B are both second rou atoms, there  are c le a r ly  fo u r a l t e r n a t iv e s ,
tuo o f  uhich are id e n t ic a l  i f  A = B.
In  concluding t h e i r  study, Santry and S e g a l^ ^ 6  ^ recommend use o f  
an spd* type o f bas is , u i th  a 3d r a d ia l  fu n c tio n  ch arac te r ised  by 
t>3d = 0* 75 ^3sp* They a^so recommend th a t  the a d ju s tab le  constants,  
p P , in  equation (6 .6 b )  be made subshell dependent, such th a t :
3d = 2 U3d/ /^U3s + U3p  ^ / * 3 s p
uhere is  the lo c a l  core in te g r a l  associated u i th  subshell 1 .
In  th a t  the o r b i t a ls  o f  the nd valence subshell o f  a t r a n s i t io n
metal atom a re ,  under normal circumstances, s u b s ta n t ia l ly  more compact
than the o r b i t a ls  o f  the (n + 1)s and (n + 1)p subsh ells , an spd’
type o f  basis may a lso be appropria te  fo r  a l l  valence HO c a lc u la t io n s
on t r a n s i t io n  metal complexes. This approach has been used by Clack  
(  3 8  7 )e t  a l  in  t h e i r  CNDO p a ram e te r iza t io n  fo r  the f i r s t  rou t r a n s i t io n
m eta ls .
Like the 3d o r b i t a ls  o f  second rou elements, the (n + l ) p  o r b i t a ls  
o f  a t r a n s i t io n  metal are unoccupied in  the groundstate o f  the  
is o la te d  atom. I t  is  reasonable to expect the higher energy o f  these  
o r b i t a ls ,  c . f .  the (n + 1)s  o r b i t a l s , t o  be accompanied by g re a te r
diffuseness  o f  the corresponding r a d ia l  fu n c t io n .  Accordingly ,
( 380) 0S e r a f in i  e t  a l  have used a d i f f e r e n t  r a d ia l  fu n c tio n  and 5^
value fo r  each o f  the th ree  subsh e lls , in  t h e i r  CNDO.calculations on
l\!i complexes.
The IND0/5R program, described here in  and l i s t e d  in  appendix 6, 
has been conceived as an a l l - v a le n c e  MO program fo r  elements up to Rn.
Lack o f  s p e c i f ic  in t e r e s t  in  the lan th an id e  s e r ie s  and the programming 
d i f f i c u l t i e s  posed by f  o r b i t a ls  have lead to  the r e s t r i c t i v e  assumption 
of s, p and d valence subshells  fo r  every atom u i th  Z g re a te r  than or  
equal to e leven .
In  order to r e t a in  any degree o f  r ig o u r ,  i t  i s  c le a r ly  necessary  
under c e r ta in  circumstances th a t  d i f f e r e n t  r a d ia l  func tions  are associated  
u i th  the d i f f e r e n t  subshells  o f  a given valence s h e l l .  In  o th e r  cases, 
computer time and space might be saved, u i th  l i t t l e  loss o f  r ig o u r ,  by 
grouping tuo or more subshells  in to  the same ’'e f f e c t iv e - s u b s h e l l " .  A 
system o f  f re e  p a r t i t io n in g  o f  the m valence subshells  o f  any element 
in to  1 to m e f fe c t iv e -s u b s h e l ls  has been adopted in  IND0/5R. The 
p a r t i t io n in g  in fo rm a tio n  is  held by the fo l lo u in g  a rray s , uhich are  
loaded in  the BLOCK DATA:
NSHLS(l): No* o f e f fe c t iv e -s u b s h e l ls  used by the element u i th
atomic number I •
N C ( I ,0 ) :  P r in c ip a l  quantum number (n) associated u i th  the 3 * th
e f fe c t iv e -s u b s h e l l  o f  element I .
ZE 'TA(l,3 ): S la te r  exponent (&) associated u i th  the J f th e f f e c t i v e -
subshell o f  element I .
IS S ( l ,K ) :  E f fe c t iv e -s u b s h e l l  to uhich the K’ th valence subshell o f
element I  belongs.
Although the symbol n is  re ta in e d  here fo r  the elements o f  the
coulomb in t e g r a l  m a tr ix ,  each AO su b scr ip t should s t r i c t l y  speaking be 
reduced to la b e ls  fo r  the atom and e f fe c t iv e -s u b s h e l l  to uhich the AO 
belongs. A f te r  s p h er ic a l  averaging, uhich is  accomplished by tak ing  
each AO to have s p h e r ic a l  symmetry, i t  i s  only necessary to c a lc u la te  
and s to re  one e n try  per p a i r  o f  e f fe c t iv e -s u b s h e l ls  in  the m olecule. In  
INDQ/5R an atomic o r b i t a l  su b scrip t i s  reduced to the e f f e c t i v e -  
subshell su b sc r ip t  by in s e r t in g  the former in to  the vec tor  NUS (uhich  
is  c a l le d  **Un in  subroutines SCFCLO and SCFOPN).
The options a v a i la b le  in  the o r ig in a l  program i . e .  nCNDOu or uINDO” 
and "CLSD” or "OPEN” are re ta in e d  in  IIMD0/5R. For the MCLSDn o p tio n ,  
equations (2 .3 0 )  or (2 .3 1 )  are solved, depending on uhether uCND0n or  
"INDO*1 has been chosen, re s p e c t iv e ly .  For the "OPEN” choice, ue have:
(6 .1 9 a )
f*  = h -  p 't v  „
j jy  pv" p v
fo r  the uCND0n o p tion  and
(6 .1 9 b )
$  S (PXcf(iJiJ lXcfJ -
B^A V
(6 .2 0 a )
5  S  < ,w H x i r )  -
A A
fo r  the "INDO” o p t io n , u i th  e q u iva le n t  e
o r b i t a l s .  (6 .2 0 c )
xpressions fo r  the F^ and F^ •
y y  y *
E va lua tion  o f  the o n e -c en tre ,  tu o -e le c t ro n  in t e g r a ls .
. . (145)Since the o r ig in a l  INDO method deals u i th  basis sets composed
only  o f  s and p A0! s, the only  non-zero o n e -c en tre ,  tu o -e le c t ro n  in te g r a ls
encountered are o f  the coulomb and exchange types* These s p ec ia l  types
may be expanded in  terms o f Slater-Condon parameters, as shoun in
appendix 4 . The dominant term in  the coulomb in t e g r a ls ,  F^, i s  
(145)c a lc u la te d v , u h i l s t  a l l  o th e r  Slater-Condon parameters are given  
e m p ir ic a l  values estim ated from s p e c tra l  d a ta .
As soon as d o r b i t a ls  are added to the b as is , then.ue must consider  
many one-centre  in te g r a ls  (jjv”|A d ),  requ ired  fo r  use in  equations ( 2 .3 1 a ) ,  
( 2 .3 1 b ) ,  (6 .2 0 a )  and (6 .2 0 b ) ,  uhich are not o f  the coulomb or exchange 
types . Some such non-zero in t e g r a ls ,  l i k e  (PX^X2| Py^yZ) > may s t i l l  be 
expressed in  terms o f Slater-Condon parameters ( i n  th is  case the G ,) •
pO
Others, such as (sd^ | PZPz )» simply cannot be estimated from the
s p e c tra l  parameters o f the is o la te d  atom. Given th a t  the F^ are
(145)c a lc u la te d  anyuay in  the o r ig in a l  INDO method , one might u e l l  
argue th a t  a l l  o n e -cen tre ,  tu o -e le c t ro n  in te g r a ls  should be c a lc u la te d .
I t  i s  scarce ly  necessary to p o in t  out th a t  in  many instances experim enta l  
Slater-Condon parameters are u n a v a i la b le ,  in  order to complete th is  
arguement.
In  the ensuing d iscussion, each AO s u b sc r ip t is  taken to be
a lg e b r a ic a l ly  re p re s e n ta t iv e  o f  a number betueen 1 and 9, u i th  the
in s t ig a t io n  o f  the fo l lo u in g  code:
p : 1 2 3 4 5 6 7 8 9
0 : s p p p d 0 d d d , . , dHp x y z z% xz yz x^-y* xy
A
I t  i s  not necessary to c a lc u la te  9 = 6561 in te g r a ls  fo r  every atom
uii t h  s, p and d valence e le c tro n s .  The f i r s t  o f  tuo reduct io n  procedures
used here makes use o f  the fo l lo w in g  i d e n t i t i e s ,  uhich apply fo r  r e a l  AD*s:
is  l i s t e d  in  ta b le  6 .1 .  The number, m, o f  each in t e g r a l  i s  thus re la te d
is  zero . Hence 880 o f  the 1035 in te g r a ls  are zero . These are d is t in g u ish e d  
by the value ICODE(M) = 0. In  passing through the in t e g r a ls ,  M = 1 to  
1035, non-zero in te g r a ls  o f  new magnitude are numbered in  the o rder t h a t  
they occur. Thus IC0DE(1) = 1, IC0DE(3) = 2 e tc .  Any in t e g r a l ,  
numbered M, uhich corresponds in  magnitude to in t e g r a l  number Mf , 
where M ^ M ’ , is  given a code number, ICDDE(M), equal to plus or minus 
ICODE(M’ ) according to whether the in te g r a ls  have the same or opposite  
signs, r e s p e c t iv e ly .  Thus 1C0DE(2B) = IC0DE(10) = IC0DE(3J = 2 , w h i ls t  
IC0DE(412) = -  IC0DE(409) = -  19.
( j j v l X d )  =  (V / j I A c f)  =  ( A d ' j j j y )  =  ( c fA ] j jV )  = ( ) j r | c f A )  =  ( y p {  orX) =  (A c f | y p )  
= (cfA|vjj) .  P a rticu la r id e n t it ie s c le a r ly  become t r iv ia l  i f  j j  = y* o 
A = d' or (ij = A and y  = d) or (u = d  and y =  A ) • The complete setj - j j   o f
p e rm u ta t io n a l ly  d i s t i c t  in t e g r a ls ,  , i s  obtained by nested
v a r ia t io n  o f  the fo u r
and (o' ^  A ,  or o%y i f  j j  = A ) .  This s e t  o f  1035 (ou t o f  6561) in te g r a ls
t o  j j ,  y ,  A a n d  d:
N = m  (m  -  i ) / 2  + M2 (6 .2 1 a )
where M1 = j j ( j j  -  l ) / 2 . +  y  
and M2 = A(A -  l ) / 2  + cf
(6 .21 b )
(6 .2 1 c )
coulombic in te r a c t io n  between the charge d is t r ib u t io n s  
t u t *  and / a  X , -  I t  i s  r e a d i ly  shown th a t  when a p a ir  o f  charge 
d is t r ib u t io n s  (cen tred  on the same p o in t)  transform according to d i f f e r e n t
i r r e d u c ib le  re p resen ta tio n s  o f  the same p o in t  group ( i . e .  when one
charge d is t r ib u t io n  is  symmetric w ith respect to a given symmetry
o p e ra t io n , and the o ther  an tisym m etr ic ) ,  t h e i r  net coulombic in t e r a c t io n
Through various i d e n t i t i e s  proven in  appendix 7, the 155 non-zero  
in te g r a ls  contained in  ta b le  6.1 reduce to 45 types, as d is t in g u ish e d
Tsble 6.1• Coding System for the One-Centre, Two-electron
Integrals.
M A  ■ A A A ICODE(M)
i fi a s R 1
2 P X 8 s 0
3 nx fi p x 2
4 P * p x 8 fi 3
5 p x p x PX R 0
t> P X p x PX PX 4
7 p y s 8 R 0
8 Py s p X R 0
9 P i s PX PX 0
18 Py 8 ' Py R 2
1 1 Py p X 8 R 0
12 Py p X p x R 0
13 Py PX p x PX 0
14 p v p x Py R
p X
0
15 Py Px Py 5
16 Py Py fi R 3
17 Py Py p X
p X
0
18 Py py p X 6
19 Py Py Py S 0
2 8 Py Py Py p X 0
21 Py Py Py Py 4
2 2 P Z fi R R 0
2 3 p 7 S PX R 0
2 4 p Z S p X p X 0
2 5 P Z <5 Py R 0
2 b p Z S Py p X 0
2 7 p Z fi PY py 0
2 8 p Z S P7 R 2
2 9 p Z p x fi R 0
3 8 PZ Px PX R 0
31 p Z Px Px p X 0
3 2 pz Px py R- 0
3 3 pz . Px Py p X 0
34 pz Px Py Py 0
3 5 p 1 Px p ? S 0
3ft P I Px P 7 p X 5
3 7 pz Py R R 0
3 8 p 7 Py PX R 0
3 9 p Z Py p X p X 0
40 p Z Py py R 0
41 PZ Py Py p X 0
4 2 PZ Py Py py 0
4 3 PZ Py p 7 R 0
44 p 7 Py P7 PX 0
45 " Z Py P7 py 5
46 p 7 P i R R 3
47 p Z P Z PX R 0
48 PZ P I p X p X 6
49 P Z PZ Py R 0
5 8 P Z PZ Py p X 0
51 PZ p Z Py py 6
6 2 PZ p Z Pz R 0
63 PZ p Z P 7 p X 0
64 PZ PZ P 7 Py 0
5 5 P z . p Z P 7 PZ 4
6ft 5 7 1 2 5 R R 0
57 5 Z t 2 fi p X 5 0
5 8 5 Z 1 2 fi Px p X 7
69 5 Z 1 2 S Py S 0
6 0 5 Z t 2 fi Py PX 0
61 5 7 1 2 s Py p y 7
62 5 Z 1 2 s p 7 R 0
6 3 5 Z i 2 8 P7 p x 0
64 5 Z 1 2 8 P7 py 0
6 5 5 Z 1 2 s P 7 - p Z 8
6ft 5 Z 1 2 a 5 7 1 2 R 9
67 5 Z 1 2 Px R R 0
6 8 5 Z 1 2 Px p X R 10
69 5 Z t 2 Px p X p X 0
7 «  ' 5 Z 1 2 p x Dy R 0
7 1 5 Z 12 Px Py PX 0
7 2 5 Z 1 2 Px Py p y 0
7 3 5 Z 1 2 Px P7 R 0
Z4 5 Z 1 2 Px P7 PX 075 5 Z 1 2 Px P7 Py 0
7 ft 5 Z 1 2 Px P 7 - p Z 0
77 5 Z 1 2 Px 5 7 1 2 R 0
7 8 5 Z 1 2 p x 5 7 + 2 p X 1 1
7 9 5 Z 1 2 p y fi R 0
6 0 5 Z 1 2 Py p X S 0
61 5 Z 1 2 Py p X p X 0
62 5 2 1 2 Py py R 1 0
6 3 5 Z 1 2 Py Py p X 0
84 5 7 1 2 Py Py p y 0
6 5 5 Z 1 2 p y P7 s 0
6ft 5 Z 1 2 Py p 7 px 0
6 7 5 Z J 2 Py p 7 py 0
6 8
9 0
Sill
5 Z t 2
Py
Py
Py
P 7 -
5 7 1 2
5 7 1 2
V
Px
0
0
0
n Sill Sf 5 7 * 2R pyR 1 10
° 3 5 Z I 2 p Z PX R 0
04 5 7 1 2  
5 2 1 2
p 7 p X p X 0
Ob PZ Py R 0
®6 5 Z 1 2 PZ Py p X 0
O? 5 7 1 2 pz Py Py 0
Oft P Z 12 pz p 7 R 12
0 9 5 7 1 2 p Z P7 PX 0
1 8 0 5 7 1 2 pz P 7 py 0
181 5 Z 1 2 pz P 7 ~ P Z 0
1 ^ 2 5 7 1 2 Pz 5 7 1 2 R 0
1 8 3 5 Z 1 2 pz 5 7 1 2 PX 0
. • M 
ip4 
1 ?5  
106 
l p 7 
10ft 
1P9 
111?
111
112
113
114
115
116
117
118
u y1 ?a 
1?1 
122 
1?3
124
125
1 26
l l 7128
129
I3k>
131
132
133 
124135
136
137 
136
139
140
141 
14?
143
144
145 l4o 
1 47 
148 
•14<y 
150 
1 *1  
1 52
153
154 
15b l5b
1 57
158
159
1 60  
1M 
162
163
164
165 
156
167
168 
16 y 
178
172
173
174
175
176 
17 7
178
179 
160 
161 
1«2 
*S31*4 
1 fi5
166
167
168 
169 
1 6 0  
121
192
193 
I64  
195 
1 °b
i6«
1 6y 
268 
2^1 
282 
28 3
284
285
286 
287
h Z l  2 
5 Z 1 ?  5Z12 nZt2
pzip67t2
9712
5 Z 1 2T'Zt 2
^Z 72
8>7t?
n Z t ?9Zt2
' ' Z I P
9 7  72
' ' Z I Pnzt?
9x7
px7
r>X7
nx7
5x7
5x7
5x7
5X7
5x7
5x7
5x7
5X7
5X7 .
5x7
5x7
5x7
5X7
5 x 7
5 x 7
5x7
5X7
5x7
5x7
5x7
5x7
5x7
5x7
5 X7
5X7
5X7
5X7
5x7
5X7
5x7
5X7
[>X7
5X7
5x7
5x7
5x7
5x7
5x7
5x?
5x7
5x7
K55
5x7
5X7
5X7
5X7
5x7
5x7
5X7
5x7
5X7
5x7
5X7
5 x 7
5x7
5X7 .
5X7
5X7
5x7
5X7
5x7
5X7
5X7
5x7
5X7
5x7
5X7
5x7
5x7
5x7
5X7
5 x 7
5x7
5 X Z
5x7
5x7
5x7
5x7
5X7
5x7
5x7
A &  • ICODEtM)
p Z 5 7 t 2 p y 0
P Z - 5 7 1 2 p Z 13
5 Z 1 2 R S 14
5 Z 1 2 PX R €>5 Z12 p X p x 15
5 Z 1 2 Py R 0
5 Z 1 2 Py p X O
5 Z 1 2 Py Py 15
5 Z 1 2 p 7 R 0
' ’ Z 1 2 p 7 p X 0
5 Z-12 p 7 p y 0
5 Z 1 2 p 7 - PZ 16
5 Z 1 2 5 7 1 2 s 17
5 Z 1 2 5 7 1 2 Px 0
5 Z 1 2 5 7 1 2 Py G
5 Z 1 2 5 7 1 2 P Z . 0
5 Z 1 2 5 7 1 2 5 / 1 2 18
R fi R 0
R p X R 0
R PX PX 0
R py fi 0
S Py p X 0
R Py p y 0
S p 7 fi 0
R p 7 p x 19fi p 7 p y 0a P 7 - »’ Z 0
s 5 7 1 2 R 0
R 5 7 1 2 p x 0
R 5 7 1 2 Py 0
R 5 7 1 2 pZ. 7
fi 9 7 1 2 5 Z * 2 0
R 9 x 7 R 0
P x R R 0
Px Px S 0
Px Px I'X • 0
Px Py R ►1
Px Py p X
P x Py Py 0
Px P 7 R 20
Px p 7 p x 0
Px p 7 Py 7
Px P 7 - p Z. 7
Px 9 7 1 2 R 7
Px 9 7 1 2 p X 0
P x 5 7 1 2 Py 0
Px 5 7 1 2 ° 7  - 21
Px 5 7 1 2 9 Z * 2 0
p x 5 x 7 R 0
Px 9 x 7 Px 2 2
Py R R 0Py PX R 0
p» Px Px 0
Py py R 0
Py Py PX 0
py Py p y 0
p y p 7 R 0
p y p 7 p x 0
p y p 7 Py 0
Py p 7 - P Z 0
p t 9 7 1 2 R 0
p y 5 7 1 2 p x 0
p y 9 7 1 2 Py 0
py 9 7 1 2 P Z - 0
py 9 7 * 2 9 Z 1 2 0
Py 9 X 7 R 0
Py 9 X 7 p X 0-
Py 9 X 7 p y . . 2 3
p z fi R 0
PZ p X R 2 7
PZ PX p x 0
PZ Py R 0
PZ py p x 0
p Z Py py 0
p l p 7 S 0
p  I P7 p x 0
p Z p 7 Py 0
PZ P 7 - p Z 0
p Z 9 7 1 2 R 0
p z 9 7 1 2 p x 2 4
PZ 9 7 1 2 p y 0
PZ 9 7 1 2 P Z . 0
PZ 9 7 * 2 9 7 1 2 0
PZ 9 X 7 R 0
pz 9 x 7 Px 0
pz 9 x 7 p y 0
P Z - 9 X 7 PZ 2 2
5 Z 1 2 R r 0
5 Z 1 2 PX fi 7
5 Z 1 2 pX p x 0
5 Z 1 2 Py R 0
5 Z 1 2 Py Px 0
5 Z 1 2 p Y Py 0
5 Z 1 2 p 7 R 0
5 Z 1 2 p 7 Px 26
5 Z 1 2 p 7 py 7
5 Z 1 2 P 7 - p Z 7
5 Z 1 2 9 7 1 2 R 0
5 Z 1 2 9 7 1 2 p x 0
5 Z 1 2 9 7 1 2 Py 0
5 Z 1 2 9 7 1 2 p z .. 0
5 Z 1 2 5 7 * 2 9 Z 1 2 0
5 Z 1 2 9 x 7 R 26
5 7 1 2 9 , 7 PX 7
Table  6 . 1 .  ( c o n t . )
M A A A A ICODECM)
?oe o * 7 0 7 1 2 0 x 7 p x 2
2 Py n * 7 • O Z 12 0 x 7 p z . 2
2 1 k- n * 7 f >Zt 2 0 X7 0 Z +2 27
21 1 0 * 7 0 x 7 R R 1 4
2 1 2 o x 7 0 x 7 P X fi 2
21 3 n X7 0 X 7 Px Px 28
2 1 4 0 * 7 0 X7 Py R 2
2 1 b r>XZ 0 x 7 Px Px 2
2 1 6 0 x 7 0 x 7 Py py 2 9
2 1 7 n X7 0 x 7 P7 R 2
2 1 6 n x 7 0 X 7 PZ Px 2
2 1 9 0 * 7 0 x 7 P 7 PY 2
2?i ' r X7 0 * 7 P 7 - PZ 2 h
2 2  1 0 x 7 0 x 7 0 7 1 2 R 2 6
2 2 2 n x 7 0 x 7 0 7 1 2 PX 2
2 ? 3
? ? t
n x7
n X7
0 x 7
0 x 7
0 7 1 2
0 7 1 2
PY 
PZ -
0
2
n * 7 0 X7 0 7 * 2 0 Z * 2 32
2 2 6
3 ? S
n w 7
n x 7
0 x 7
0 x 7
0X7
0 X 7
R
PX
2
2
n x 7 0 x 7 0 x 7 PX 2
? ? 9 r>x7 0 x 7 0 x 7 PZ - 2
?3k' 6 x 7 0 x 7 0 x 7 0 Z * 2 2
2 3  l r>x7 0 x 7 o x 7 0 X 7 1 R
2 3 2 o y 7 S R R 2
2 3 i 0 * 7 s PX R 2
2 3 4 n r 7 s Px PX 2
2 3 5 O y 7 * Py fi 2
?3 b by 7 Py Px 2
2 3 7
2 3 6
o Y 7 
r> v 7
fi Py
p 7
py
R .
2
2
? 7 9 Py7 s P7 Px 2
?4; i 6 y 7 s P7 Py 192 4 1 Py 7 fi P 7 _ PZ 2
2 42 Oy7 R 0 7 1 2 R 2
2 4 3 1) y7 R 0 7 1 2 PX 2
2 4 4 6 y 7 S 0 7 1 2 Py 2
2-4 5 0 1 7 R 0 7 1 2 pz  . 2
2 4 6 py 7 R 0 7 * 2 0 Z * 2 2
2 47 Oy7 R 0 x7 R 2
2 4 8 n y 7 R 0X7 PX 2
2 4 9 8 y7 R 0 X7 py 2
2 V o y 7 R 0 x 7 PZ~ 2
2 b  I Oy7 R 0 X7 0 Z * 2 2
2 2 0 x 7 R 0 x 7 0X7 2
? * 3 Py 7 R O y 7 R 9
? * 4 n v7 PX S R 2
2 ^ 5 Oy7 P X Px R 2
2 * 6 n y 7 Px PX PX 2
?b7 o y 7 Px Py R 2
2 ^ 6 Oy 7 Px p x PX *? Sy Oy7 Px Px py 2
?6? 0 x 7 Px P7 s 2
2 6  1 OyZ Px P7 PX 2
2 6 2 0 y7 Px P7 py *
2 6 3 Oy7 Px P 7 - PZ 2
2 6 4 Oy7 Px 0 7 1 2 R 2
2 6 5 Oy7 Px 0 Z 1 2 PX 2
2 6 o 0 x 7 Px 0 7 12 py 2
2 6 7 r>x7 Px 0 7 1 2 PZ_ 2
2 6 6 0 x 7 Px 0 7 1 2 0 Z * 2 2? 6 y 0 x 7 Px 0 x 7 R 2
2 7 ? Oy7 p x 0 * 7 Px 2
2 ? i 0 x 7 Px 0 x 7 PY 23
2 7  2 0 x 7 Px 0 X7 P Z . 2
2 7  3 Oy7 Px 0 * 7 0 7 * 2 2
2 7 4 0 y 7 P X 0 x 7 0 x 7 2
2 7 5 Oy7 Px 0 y 7 R 2
2 7 o 0 x 7 Px 0 x 7 PX 2 3
2 7 7 0 x 7 p x R R 2
2 7 8 0 Y 7 Py P * R 2
2 7 y Oy7 Px P» PX 2
2611 0 x 7 Px p y R *2 * 1 0 x 7 Px Py PX 2
2 * ? Oy7 Px p y PY 2
2 * 3 0 x 7 Py P7 R 2 2
2 « 4 0 x 7 Px P7 PX 2
2 * 5 0 x 7 Px P7 py 2
2 * 6 0 x 7 Pt p 7 - p z 2
2 * 7 0 x 7 Px 0 / 12 R 2
? * H 0 x 7 Px 0 7 1 2 Px 2
2 *  v 0 x 7 Px 0 7 1 2 p y 2
? « * Oy7 Py 0 2 1 2 P Z . 21
2 0 1 0 x 7 Px 0 7 ^ 2 nz * 2 2?Q2 0 x 7 Py 0 * 7 fi 2
2 ° 3 0 y 7 Px 0 X 7 PX 31
2 ° 4 0 x 7 Py 0 x 7 py 2
2 ° 5 0 x 7 Px 0 X 7 P Z . *
2 ° b 0 x 7 P X 0 x 7 0 Z * 2 2
2 9 7 0 x 7 Py 0 X 7 0X7 2
2 °  6 0 x 7 Py 0 y 7 R 2
20--J Oy7 Py 0 x 7 Px 2
3 ?? Oy7 Py t) y 7 PY 2?
3<*1 0 x 7 P Z R R 2
3 ^ 2 0 x 7 P? PX R 2
3«*3 0 x 7 PZ Px PX 2
3 7 4 Oy7 p z py R 22
3 7 5 0  Y 7 p z Py PX 2
3 7  b Oy7 p 2 py py 2
3 7 7 Oy7 P Z p ; R 2
3 ^ 6 Oy7 PZ P7 Px 2
3Av 0 x 7 PZ P7 py 2
3 1 2 Oy7 PZ P 7 - PZ 2
M A A A A r ICOD£( n)
O y 7 PZ 0 7 1 ? R
Oy7 PZ 0 7 1 ? P* ?
3 1 3 Oy7 PZ 0 7 1 2 Py ? 4
3 1 4 0 * 7 p z 0 7 t 2 p z . 2
3 1 5 Oy 7 PZ O Z7 ? OZ 7 ? ,1
3 1 6 0 x 7 PZ 0 * 7 fi .T
3 1 7 Oy 7 PZ 0 * 7 p * (V
31 fi Oy7 PZ 0 * 7 py 3
31 y 0 x 7 PZ 0 * 7 p z ?
3Pt? 0 y 7 PZ 0 * 7 0 / 7 ? ?
321 Oy7 PZ 0 * 7 0 * 7 3
3 2 ? Oy 7 PZ O y7 R 3
3 2 3 Oy 7 PZ 0 / 7 py P
3 24 Oy7 PZ 0 y7 py 3
3 25 0 y 7 P Z - 0 y 7 p z ??
3 2 6 0 x 7 0 Z 1 2 R R 0
Oy7 n z t ? P* R <7
3 2 8 Oy7 0 Z 1 2 P * py
3 2 9 Oy7 O Z i ? Py R
3 3 y Oy7 O Z I ? p y py
331 Oy7 0 Z1 2 p y py r
3 3 ? Oy7 0 Z 1 2 P7 R 0
3 3 3 0 x 7 O Z I ? P7 PX
3 3 4 0 x 7 0 Z 1 2 p ; Py ?533 35 0 x 7 O Z I ? p / - p /
3 3b Oy 7 0 Z 1 2 0 7 1 2 R 3
3 3 7 Oy7 0 Z 1 2 0 7 1 2 Py 3
33 8 0 y7 O Z I ? 0 7 12 p t 0
3 3 y 0 x 7 0 Z 1 2 0 / 1 2 p z ?
3 4p 0 y7 0 Z 1 2 0 7 ^ 2 0 / 7 ? 3
341 Oy 7 0 Z 1 2 0 * 7 R
3 4? o y 7 f'Z 12 0 * 7 p * ,<
34 3 0 y 7 0 7 1 ? 0 * 7 P t ' ?
3 44 Oy 7 0 Z 1 2 0 * 7 PZ - 3
3 4b Oy 7 O Z 12 0 * 7 0 / 7 ? 3
3 4 b 0 x 7 O Z I ? 0 * 7 0 * 7 3
3 4 7 Oy7 O Z I ? 0 x7 R ?6?J4b Oy 7 O Z I ? . 0 y 7 Py
3 4 y 0 y 7 O Z I ? 0 x 7 P T 3
3b? 0 x 7 0 Z 1 2 Oy7 p / . ?
3 5 1 0 x 7 0 Z 72 O x 7 0 / 7 ? ?7
3 b ? Oy7 O x 7 R R ,1
3 b 3 Oy7 0 x 7 Py R
3 b4 0 y 7 f )X7 py p x
3 b 5 O x 7 0 * 7 Py R <
3 b 0 0 x 7 0 X7 Py py 32
3 b7 Oy7 0 * 7 Py py ?
3 b 8 Oy 7 0 X7 p 7 R ,<
3 b y Oy 7 0 * 7 p 7 p * 3
36t f Oy 7 Ox? P7 py ?
361 0 , 7 0 x 7 p 7 _ p / 3
3 6? 0 y 7 0 * 7 0 7 1 2 R 2
3 2 3
0 y 7 0 x 7 0 7 1 2 P* 2
0 x 7 OX7 0 7 1 2 py 3
3 6 5 Oy7 0 X7 0 7 1 2 p z  . ?
3 6 6 n y 7 0 x 7 0 7 7 2 o z +? 3
3 67 o y 7 0 X7 0 * 7 R 3
36f i Oy7 0 * 7 Oy 7 Py 3
3 6 9 Oy7 0 * 7 oy 7 Py ?
37*) 0 x 7 I ) * 7 0 * 7 PZ 3
37  1 0 y 7 0 * 7 0 * 7 0 / 7 ? ?
3 7? 0 x 7 0 x 7 0 * 7 0 x 7 ?.
3 7  J Oy7 0 * 7 O x 7 R 3
3 74 Oy 7 0 x 7 0 x 7 p * 0
3 7 5 Oy7 0X7 ft Y 7 py 3
37 h Oy 7 0 * 7 0 y 7 PZ - •3
3 7  7 Oy7 0 x 7 O y 7 0 Z 7 ? 3
3 33 7 8 0 x 7 0 x 7 0 Y7 0 * 7
37  9 OyZ 0 y 7 R R 1 4
3 * 2 Oy7 0 y 7 py R 3
3 * 1 OyZ 0 y 7 p * PX ?9
3 * 2 0  y 7 0 x 7 p y R
3 * 3 Oy7 Oy7 p x py .*
3 * 4 0 x 7 0 X7 p > PY ?6
3 * 5 0 x 7 0 X7 p ? R 3
3 * 6 Oy7 0 y 7 P7 py 3
3 * 7 Oy7 Oy7 P7 Py 3
3 * 8 Oy7 0 t 7 P 7 - p / ?8
3 * 9 0 x 7 0 X 7 0 7 1 ? R ?fi
30fc! 0 x 7 0 X7 0 / 1 2 Py 3
301 0 x 7 0 x 7 0 7 1 2 py 3
3 0 2 Oy7 Oy7 0 7 1 2 P Z - 3
3 93 Oy7 0 x 7 f *77? 0 Z 7 ? 3 3
3 ° 4 0 x 7 0 x 7 0 * 7 R 3
3 0 5 0 x 7 0 x 7 0 * 7 p x 3
3 «b Oy7 0 Y7 0 X7 oy 3
3 97 0 y 7 0 X7 0 * 7 p /  . 3
3 ° f i Oy7 0 X7 0 * 7 0 Z 7 ? 3
3 9 y 0 x 7 0 Y7 0 * 7 0 * 7 34
4 22 0 y 7 0 X7 0 x 7 R 0
4 2 l Oy7 0 x 7 0 , 7 Py 3
4 2 2 0 y7 O t 7 Oy 7 Py ?
4 2 3 Oy7 0 X7 Oy7 p / . 3
4 * 4 Oy7 Oy7 Oy7 0 / 7 ? 3
4 2 5 0 x 7 0 Y7 oy 7 0 * 7 0
4 2b 0 y 7 0 y 7 O y 7 0X7 1 8
4 27 o * » y R R R 3
42f i 0 * «• X R P* R 3
4 2 9 0 X "* X R P * py 19
4 1 i* o * - y R p y R
41 1 0 X -  X R p y p * ,1
4 1 ? 0 * •  X R Py p y - 1 9
34 1 3 0 * •  x R ° 7 R
4 1 4 0 x -  x R p 7 Px
Table  6 , 1 .  ( c o n t . )
M 0y 0 * A A I C O D E M
4 1 5 n * - Y 5 P7 PY Pi
41 0 ft x -  Y S P 7 - PZ 0
4 1 7 8 I  — Y fi f ' 7 t ? S P
4 1 8 6 f  m y .5 f ' 7 12 Px 0
41 y n x-  Y S 0 7 1 2 py p
4 ? 0 o x — y S 0 7 1 2 P Z - 0
4?1 f'X — y s 0 7 t ? OZ+2 p
4?? n x — y s 0 x 7 fi p
4 ? 3 n x— y s 0 x 7 PX PI
4 ?4 O X -  Y s 0 x 7 PY a
4?b O x -  y s 0 X7 PZ_ pi
49f t Ox —Y 0 > 7 0 Z * 2 p
4 9 7 Ox -  Y s 0 X7 0 x 7 3 5
4?H O x — Y s 0 y 7 S p
4 ? y O x — Y s f ly 7 Px 0
4 3 0 O x -  Y s Oy 7 P Y p
4 31 O X -  Y fi 0 y 7 P Z - fi
4 3 ? n x -  y s Oy7 0 Z * 2 (5
4 3 3 Ox -  Y s Oy 7 0 x 7 P
4 3 4 O x - Y 0 y 7 0 y7 - 3 5
4 3 5 Ox — Y s f ' X -Y S 4
43f t O x -  Y Px S s P
4 3 7 O x - Y P X PX s
4 3 8 O x -  Y Px Px Px P
4 3 9 O x -  Y Px p y S Pi
4 4,3 O x - Y Px p y PX P
4 4  1 O x -  Y Px f’ v PY P
4 4 ? O x - Y Px p 7 s P
4 4 3 O x -  Y Px P7 Px 0
4 4 4 Ox - Y Px P7 PY P
4 4 b O x -  Y p x P 7 - PZ P
4 4 ft O x -  Y p X " 7 1 ? S • P
4 4 7 f' X - Y p X 0 7  12 Px 3h
44ft Oj - y p x 0 7 2 2 Py 0
4 4  y O x— Y Px 0 7 1 2 ° Z  . 0
45*1 O x - Y Px f '7 f  2 0 Z 1 2 0
4 5  1 O x -  Y Px f'X 7 fi P
4 5 ? O x -  Y Px 0X7 PX P
4 5 3 0 x -  Y Px 0 x 7 py 0
4 5 4 OX- Y Px 0 x 7 PZ . 31
4 5 5 Ox -  Y Px 0X7 0 Z * 2 0
4 5 o Ox- Y Px O x 7 0 X7 0
4 5 7 O x -  Y Px f) y 7 fi 0
4 5 8 O X — Y Px 0 y 7 Px 0
4 5 y Ox- Y Px n y 7 p y 0
46*1 0 x —Y P X fly 7 PZ 0
48  I O x - Y Px n v 7 0  z 2 ? 0
4 8? O x - Y Px Oy 7 0 X7 P
4 8 3 O x - Y n x Oy 7 0 Y 7 0
4 8 4 Ox -Y Px 0 X —Y fi 0
4 8 5 O x - Y Px OX- Y Px 2?
4 8 0 O x - Y p y fi fi 0
4 87 O x - Y p Y PX S 0
4 8ft O x - Y P Y Px ° x 0
4 8 y Ox - Y P y Py fi - 2 0
47tf O x - Y p Y Dy Px 0
4 71 O x - Y p  r Py Py 0
4 7? O x - Y P Y p / fi 0
4 7 3 O x - Y P y P 7 PX 0
4 7 4 Ox— V p y P 7 Py 0
4 7 5 O x -  Y p y P 7 - p Z 04 7ft O x - Y P y 0 7 2 2 fi 0
4 7  7 O x - Y py 0 7 12 Px 0
47f t O X — Y P y f '7 22 py - 3 6
4 ?y O x — Y P Y 0 7 2 2 P Z . 0
4fV. 0 X — Y P y 0 7 2 ? 0 Z * 2 0
4 8  1 O x -  V p Y 0 X7 s 0
4 « 2 0 x — Y p Y 0 x 7 Px 0
4 8 3 O x - Y p y 0 X7 py 04 8 4 Ox— Y p Y 0 X7 p z  , 0
4 8 5 O x— Y p Y 0 x 7 0 Z t 2 0
4 8 ft O x - Y Py 0 x 7 0X7 0
4 87 f 'X - Y Py f) Y 7 s 0
48f i Ox - Y p  y 0 y 7 PX 0
4 8 y O x - Y p 1 0 y 7 py 0
4 9 0 O x —Y Py 0 y7 P Z - - 3 1
40  1 O x - Y py Oy 7 OZ 72 0
4 0 2 Ox —Y P y 0 y 7 0 X7 0
4 0 3 O x - Y p y f 'Y7 0 y 7 0
4 O4 Ox - Y P Y OX - Y S 0
4 0 5 Ox- Y P Y O x - Y PX 0
4 Oft O X— Y P y O x - Y p y 2 ?4<>7 O x - Y PZ fi «; 0
40ft f ' X -Y PX s 04 O9 Ox- Y P 2 PX PX 0
5P«? 0 x— y Pz PY s 0
5^1 O x - Y Pz py PX 0
5C1? Ox - Y p l p y Py 05P 3 0 x— Y PZ p 7 fi 0
5 ^ 4 Ox —Y p Z P7 PX 0
b^b O x - Y PZ p 7 py 0
b'*ft 0 X- Y PZ P 7 - PZ 0
5 7 7 O x - Y PZ 0 7 2 2 s 0
57f t Ox - Y Pz 0 72? Px 0
bv* y Ox - Y Pz 0 7 2 2 py 0
b l l * f 'X-Y PZ 0 7 1 2 p z _ 0
b l  1 O x - Y PZ 0 7 * 2 0 Z 7 ? 0
5 1 2 f ' X -Y PZ 0 x 7 s 0
5 1 3 Ox- Y Pz 0 x 7 PX 2 3
5 1 4 OX-Y PZ 0 x 7 p y 0
b i b O x - Y PZ 0 X7 p z _ 0
5 1 6 O x - Y PZ 0 x 7 PZ 72 0
5 1 7 O x - Y Pz 0 x 7 0 x 7 0
M 0y A A A I C O D E f a )
5 1 8 f ' X - Y p ft y 7 fi ft
5 1 9 f ' X - Y p fl  Y 7 0 * 0
5 2 0 O x - Y p t ) Y "7 o y - 2 3
5 2 1 O x - v p 0  Y 7 P Z - 0
5 2 ? O x - Y p fi  Y7 " Z  * 2 0
b ? 3 O x - Y p 0  Y 7 0 x 7 0
5 2 4 f ' X - Y p 0  Y 7 O Y 7 0
5 2 5 O x - Y p f ' X - Y S 0
5 2 6 O x - Y p f ' l - Y o x r'
5 2 7 O x - Y p " x - Y o y ?
5 2 8 • O x - Y p f ' X - Y oz 2 3
b ? 9 f ' X - Y rt 2 ? fi fi 2
5 3 a n X - Y P 2 2 PX fi 0
5 3 1 O X - Y n 2 2 Px P x 3 7
5 3 ? O x - Y 0 2 Py fi 0
5 3 3 O X - Y n 2 p y P x 0
5 3 4 O X - Y 0 2 Py P t - 3 7
5 3 b O x - Y 0 2 0 7 fi ,1
5 3 6 f ' X - Y 0 2 0 7 Ox ?
5 3 7 O x - Y n ? 0 7 p y 0
5 3 8 O x - Y 0 2 0 7 - PZ 0
5 3 9 O X - Y 0 2 l ' 7 t 2 fi 0
5  4 f. O x - Y n 2 0 7 1 2 P x 0
5 4  1 O x - Y 0 2 0 7 1 2 P t .1
5 4 ? 1' X - Y n 2 0 7 1 2 PZ -
5 4 3 O x - Y n 2 l ' 7 f  2 0 7 V
5 4 4 f ' X - Y n ? f ' X 7 fi 0
5 4 5 O x - Y fi 2 f i x  7 Ox ,x
5 4 f t O X — Y it ? ft 1 7 0 1 ,•
5 4 7 O x - Y ri ? 0 x 7 PZ
5 4 8 O X - Y h ? 0 x 7 f ' Z * ?
0 x 75 4 9 O x - Y r> 2 0 x 7 3 8
5 5 / f ' X - Y ri ? f l y  7 fi 0
5 ^ 1 f ' X - Y n 2 f ) y 7 Ox 0
5 5 ? f ' X - f o 2 f t y 7 O f 0
5 5 3 f ' X - Y d 2 f '  Y 7 P Z - 0
5 5 4 f’ X - Y 0 2 n  y 7 O Z * ? 0
5 5 5 f ’ x - y ri 2 I) Y 7 0 X 7 ;<
5 5 6 O x - Y 0 2 0  y 7 0 Y 7 - 3 8
5 5 7 O x - Y f ' ? f ' X - Y fi - 1 7
5 ^ 8 f ' X - f n 2 O X - Y PX /
5 5 9 f ' X - Y i) 2 " x - Y P f ?
5 8 / O x - Y ri 2 f ' X - Y P Z - 0
5 8  1 O x - Y 0 2 O X - Y 0 7 * 2 39
5 8 ? f ' X - Y 0 S fi 0
5 8 3 n x - r 0 PX S 0
5 8 4 O x - Y fl PX Ox 0
5 8 5 f ' X - Y 0 P y fi •0
5 8  ft 0  x -  Y r< p y P x 0
5 8 7 f ' X - Y 0 P y p y • .X
5 8 8 0 X- Y ft P 7 s 0
5 8 9 O x - Y n 0 7 Ox 3 2
570, O X - Y 0 P 7 P y 0
5 7 1 f ' X - Y 0 0 7 - P Z 0
5 7 ? O x - Y 0 l ' 7 l ? fi ?
5 7 3 O x - Y 0 0 7 1 ? PX *'
5 7 4 O X - Y r> f ' 7 1 2 o y ?
5 7 5 f ' X - Y d 0  7 1 2 PZ 3
57e> f ' X - Y i) 0 7 * 2 0 2 * 2 0
5 7 7 O X - Y ft 0  x 7 S 3 5
5 7 f t O x - Y n 0 x 7 P x 0
5 7 9 O X - Y 6 0 X 7 O f 0
58* * O x - Y 0 O X 7 PZ 0
58 1 O x - Y r> 0 x 7 OZ * 2 4?
5 8 2 O x - Y r> 0 x 7 0 x 7 0
5 8 3 f ' X - Y 0 0 Y 7 fi 0
584 f ' X - Y f i n  y 7 OX 0
5 8 5 O x - Y ri 1) y 7 py P
b f i f t f ' X -  Y 0 f l  y 7 p z  - 0
5 8 7 O x - Y n I»y 7 0 7 * 2 P
5 8 8 O X - Y fi I ) y 7 0 x 7 0
5 * 9 O X - Y n r> y 7 n  y 7 fl
5 ® 0 O X - Y 0 f ' X - Y fi P
5 0 i O X - Y 0 O x - Y PX P
5 0 ? O x - Y ri f ' x - r P y 0
5 9 3 O x - Y 0 f ' X - Y P Z - 0
5 0 4 f ' X - Y 6 O x - Y r>z* 2 0
5 ° 5 O x - Y r> f ' X - Y 0 x 7 3 3
5 9 o O x - Y ri s S 0
5  07 O x - Y 0 P x S 0 ■
5 9 « O x - Y 0 P x OX 0
5 9 9 O x - Y 0 py s P
6 0 0 O x - Y 0 P y PX 0
6 ? l O x - Y r> p y o y P
6 0 2 O x - Y ft p 7 fi P
6 P 3 O x - Y 0 P 7 PX P
6 0 4 O x - Y ft P / p y - 3 2
6 0 5 f ' X - Y 0 P 7 - P Z $1
6 0 f t f ' X - Y ft 0 7 1 2 s P
6 0 7 O x - Y 0 0 7 1 2 PX 0
6 0 8 O X - Y it 0 7 1 2 o y 0
6 0 9 O x - Y 0 0 7 1 2 P Z  . 0
6 1 0 O x - Y n 0 7 * 2 n z * 2 0
6 1  1 f ' X - Y ft 0 x 7 fi It
6 1 2 O x - Y rt 0 x 7 P x 0
6 1 3 f ' X - Y n 0 x 7 P y 0
6  1 4 O x - Y rt 0 X 7 o  7 0
b i b O X - Y 0 0 X 7 0 Z * 2 0
61  ft O x - Y ft 0 x 7 0 X 7 0
6 1 7 O x - Y 0 t t y  7 fi - 3 5
6 1 8 O x - Y ft O y 7 PX 0
6 1 9 O x - Y rt ft y 7 PY P
h ? 0 f ' X - Y n O Y 7 PZ - P
6 2 1 O x - Y ft 0 y 7 n z * 2 - 4 0
Table 6 . 1 . ( c o n t . )
M % (S. A A , 1C0DE(M)6 2 2 n x - Y n x 7 n y 7 0 X7 0
ft? 3 f ' x - Y n y 7 T'y 7 n y 7 PI
6 2 4 P X- Y o y Z *»x —Y R 0
6 2 5 f 'X - Y n y 7 n x - Y Px 0
6 2 6 n X - Y 0 » 7 n x - Y PY 0
%%l
f 'X - Y 6 y 7 n x - Y P Z - 0
f 'X - Y n y 7 n x - Y n z t 2 0
6 2 9 f 'X - Y 0 y7 t ' X - y n x 7 0
6 3 0 f ' X - Y r>Y7 n x - Y 0 Y7 33
63  i f 'X - Y n x - Y R fl 1 4
6 3? f ' X - Y f’ X - Y Px s 0
6 3  3 f ' X - Y n x -  Y Px PX 2 8
6 3 4 f 'X - Y n X- Y PY s fl
6 3 5 f 'X - Y n x - Y PY PX fl
6 3 6 n X- Y n x - Y PY PY 2 8
6 3 7 f ' X - Y n x - Y p z s fl
b 3 8 n x - Y n x - Y P7 PX fl
6 3 9 n X - Y f 'X - Y Pz PY fl6 4 0 f 'X - Y t o P 7- PZ 2 06 4 i n x - Y r »7 i 2 s - 1 7
6 4 ? n x - Y n x - Y n 7 i 2 p x fl
6 4 3 n x - Y o x - y f ' 7 1 2 PY fl
6 4 4 f ' X - Y n x - Y f ' 7 1 2 P Z_ fl
6 4 5 n x - Y n x - Y f »7 t 2 n z *2 41
6 4 6 f 'X - Y " x - Y n X7 s fl
6 47 f 'X - Y f ' X - Y I ’ x7 PX fl
6 4 8 n x - Y n x — y f'X 7 PY fl
64  y n x - Y n x -  y n X 7 P Z - fl
6 5 0 n x - Y n x— v f > X 7 n z t ? fl65  i n x - Y n x- Y n x 7 0 X7 34
b5 ? n x - Y f ' X -Y f) Y 7 s fl
6 5  3 n x - Y n x - Y r» r  7 PX fl6 5 4 f ' X -Y n x - Y n y 7 py fl
6 5 5 n x - Y n x - v l» Y 7 P Z - fl
6 5 6 n x - Y n x- Y f 'Y7 n z t 2 fl
6 5 7 n x - Y n x - Y 1 > Y 7 0 x 7 fl
6 5 8 n x - Y " X - Y f > Y 7 n y 7 34
6 5 9 n x - Y f’ X - Y n x - Y R fl
d 60 n x - Y f’ X - Y f ) X- Y Px fl
6 6  1 n x - Y n x - Y f’ X - Y PY fl
6 6 ? n x - Y f 'X - Y f 'X - Y P Z . fl
b 6 3 n x — y f 'X -Y f’ X -  Y 0 Z t 2 fl
6 6 4 n x - Y n x - v f’ X - Y n X7 fl
6 6 5 n x - Y n x - Y n * - Y n y 7 fl
6 6 o n x - Y n x - Y f 'X - Y n x - Y 1 8
6 6 7 nxY s R R fl
6 6 8 nx y s Px R fl
6 6 9 f x v s Px PX fl
6 7 0 nxY s Py s fl
6 7 1 nxY s P y PX 1 96 7 ? n x v s P y PY fl
6 7 3 nx y s p 7 R fl
6 7 4 nx y s p 7 Px fl
6 7 5 nxY 6 P7 PY fl
6 7 6 nx y s P 7 - PZ fl
6 7  7 nxY s »>712 s fl
6 7 8 nxY r f ' 7 12 Px fl
6 7 9 nx Y R I ’Z 1 2 PY fl
6«f l nxY s 0 7 1 2 P Z - fl
6 8  1 nx y s . 0712 n z * 2 fl
6 8 ? n XY r "X 7 R fl
6 * 3 . nxY s f) X 7 PX fl
6 ^ 4 nxY fl n x 7 py fl
6 8 5 nxY s n x 7 P Z . fl680 nxY s f»x7 n z f 2 fl
6 8 7 nxY s n X7 0 X7 fl
6 * 8 nxY s f> Y 7 s fl689 nxY s n y7 PX fl
6 ^ 0 nx Y s n y 7 py fl
6®1 nxY s I»y 7 P Z - fl
6 9 ? n x Y s 0 y 7 n z t 2 fl
6 9 3 n * Y R n y7 n X 7 3 5
6 9 4 nxY s n y 7 0 Y7 fl
6 9 5 n XY s n x - Y s fl
69f t n XY s n x - Y Px fl
6 9 7 n x Y s f ' X - Y Py fl
6 9 8 nx y s f ' x - Y P Z . fl
6 9 9 n XY s f ' x - Y n z t 2 fl
7<*P nxY fl f ' x - Y 0 x 7 fl
7 *  I n X Y s n x - Y 0Y7 fl
7?2 n XY s n x - Y n x - Y fl
7 0 3 nxY fl f’ X Y s Q
7 7 4 nxY Px R R fl
7 * b n XY Px Px s fl
7f fe nx  y Px Px PX fl
7 V nxY Px P y R ?fl7 0 8 nxY Px P y PX fl
7 7 9 n XY Px P y PY fl
7 1 0 n XY Px Pz fl fl
7 11 f'X Y Px P7 PX fl
7 1 ? n XY Px P7 PY fl
7 1 3 n x y Px P 7 - p z fl
7 1 4 nxY Px 0 7 1 2 R fl
H i -
n XY Px n 7 i 2 Px fl
n XY Px 1*712 PY 3 6
7 1 7 n XY Px 0712 p z . fl
71 8 nx Y Px 0 7 ^ 2 n z t 2 fl
7 1 9 n XY Px n X7 R fl
7?v n XY Px n X 7 Px fl
7 ?  1 n XY Px n x 7 PY fl
7 2 ? n XY Px n x 7 P Z - fl
7 2 3 n XY Px n x 7 0 Z t 2 fl
7 2 4 n XY Px f'X 7 n x 7 fl
M i t A A * ICODKM)
7 2 5 n X Y Px n y7 s fl
7 2 6 OxY Px fly 7 PX fl
7 2 7 n x v Px 0 y7 PY fl
7 28 n x y Px oy 7 PZ . 31
7 2 9 n X Y Px o y7 n z t ? fl
7 3 0 nxY Px n y T n x 7 fl
7 31 n y y Px liy 7 n f 7 fl
7 3 2 nxY Px t ' x - y s fl
7 3 3 OxY Px n x - y nx fl
7 34 OxY Px t ' x - y py 4 2
7 3 5 OxY Px f 'X - Y P Z . fl
7 3 6 n X Y Px n x - y n z + 2 ,i
7 37 n XY Px t 'X - Y 0 x 7 A
7 3 8 OXY Px O x - Y 0 Y7 A
7 3 9 f’ XY Px f ' X - y O x - y fl
7 4 0 OxY Px nxY R •0
7 41 n XY Px o x y PX 2 2
7 4 2 n XY P y R fl fl
7 4 3 f ’ x Y p y PX R 2fl
7 4 4 OxY p y Px PX fl
7 4 5 f'X Y p y PY R A
7 4 6 f'X Y p y py PX fl
7 4 7 0 XY p y Py py fl
7 4 8 OXY p y P7 R fl
7 4 9 OxY p y p ; PX fl
7 50 OXY p y p 7 py fl
75  1 f'X Y p y P7_ PZ fl
75? nx Y p y 0 7 1 2 R fl
7 5 3 nxY p y 0 7 1 2 PX 36
7 5 4 n XY p y l ' 7 l ? py fl
7 5 5 n X Y Py f’7 1 2 PZ. . fl
7 5 o OxY P i I» 7 t 2 n z * 2 fl
7 5 7 n XY Py 0 x 7 R fl
7 56 n XY Py n x 7 PX fl
7 6 9 n XY Py f'X 7 Py fl
7 6 0 n x y P Y f 'X7 P Z - 31
A761 n XY p y 0 x 7 0 Z t 2
7 6 2 OxY p y 0 x 7 0 x 7 fl
7 6 3 OxY Py n y 7 R fl
7 64 nx Y p i n y 7 PX fl
7 6 5 nx  y Py n y7 p y fl
7 6 6 OxY py n y 7 P Z - fl
7 6 7 n XY py Oy7 n z t 2 0
7 6 8 OXY py n y 7 0X7 fl
7 6 y OXY p i f»y T n y7 fl
7 7p n XY Py o x - y R fl
7 71 OxY py O X - Y PX - 4 2
7 7 2 f'X Y Py n x - Y p y • fl
7 7 3 nxY Py n x - y p z . fl
7 7 4 OxY py n x - y 0 Z t 2 fl
H I
OxY py O x - y n X7 fl
n x Y Py n x - Y Oy 7 fl
7 7 7 OxY Py n x - v O x - y fl
7 7 8 T>XY Py OXY R fl
7 79 nxY py nx Y PX fl
7 8fl n X Y py nxY Py 2 2
7 8 i nxY p z R R fl
7 8 2 OXY PZ PX S fl
7 8 3 0 X Y PZ Px PX fl
7 64 OxY PZ py s fl
7 8 5 n XY p z Py Px fl
7 8 6 OxY PZ Py Py fl
7 8 7 n X Y PZ P7 R fl
7 8 8 n XY p z P7 PX fl
7 8 9 n XY PZ P7 Py fl
7 9 0 n x Y PZ D7 - PZ fl
791 OXY PZ 0 7 1 2 R fl
7 9 2 OxY PZ 0 7 1 2 PX fl
7 9 3 OxY PZ f ' 7 12 PY fl
7 9 4 "XY PZ 0 7 1 2 P Z - fl
nxY PZ 0 7 t 2 0 Z t 2 fl
7 9b o x y PZ 0 x 7 R fl
7 9 7 o x y PZ n x 7 PX fl
7 9 8 o x y PZ 0X7 Py 2 3
7 9 9 nxY PZ 0X7 P Z - fl
8 0 0 n XY PZ n x 7 n z t 2 fl
8 A 1 o x y P z n x 7 n X7 fl
8A2 o x y Pz Oy7 R fl
8 0 3 f’ XY p z t» y 7 Px 2 3
8 0 4 nxY p z Oy 7 py fl
8 0 5 n XY Pz n y 7 p z . fl
8 0 6 o x y PZ I>y7 n z t ? fl
8 0 7 n XY PZ Oy7 0 X7 fl
8 0 8 nxY PZ Oy 7 n y7 fl
8 0 9 f 'xY PZ f x - Y R fl
8 1 0 nxY PZ t ' X - Y PX fl
81 1 nxY PZ f) X —Y py fl
8 1 2 n x Y PZ Ox - Y p z . fl
8 1 3 OxY PZ OX- Y 0 Z * 2 fl
8 14 o x y PZ OX- Y n x 7 fl
8 1 5 n XY pz f ) x -Y n y 7 fl
81 6 n XY PZ t ' x - y n x - y fl
Rt? n x y PZ Ox Y R A
8 1 8 n x Y PZ n x Y Px fl
81 y OXY PZ OXY py fl
R?0 Ox Y P Z - f 'xY PZ 2 3
82  1 nx  y f ’ Z l ? R R fl
822 n x Y n z i2 PX R fl
8 2 3 nxY f ' Z 1 2 Px PX fl
8 2 4 n XY 0 Z 1 2 Py R fl
8 2 5 n XY 0 Z I 2 Py PX 3 7
8 2 6 o x y n z i ? Py py 0
8 2 7 o x y 0 Z 1 2 P7 s fl
8 2 6 o x y 0 Z 1 2 P7 PX fl
Table 6 .1 *  ( c o n t . )
M 0y f t f t A r i c o d e :(«)
8 2 9 OxY 0 Z 1 2 * 7 PY *
H 3 * *  X Y 0 Z 1 2 p 7 - PZ *
M3 l f 'xY f>Z±2 0 7 1 2 S *
8 3 2 r>xY 0 Z 1 2 O7 I 2 PX *
8 3 3 nxY 0 Z 1 2 0 7 1 2 PY *
8 3 4 *  X Y 0 Z 1 2 0 7 1 2 PZ - 0
8 3 5 n XY 0 Z 1 2 0 7 7 2 0 Z t 2 *
8 3 6 r>x Y 0 Z 1 2 0 x 7 8 0
8 3 7 * x Y 0 Z 1 2 Oy7 PX *
8 3 6 f'X Y 0 Z 1 2 0 x 7 PY *
8 3 9 OxY 0 Z 1 2 0 x 7 PZ - *
6 4 0 n XY 0 Z 1 2 " X 7 0 Z * 2 *
8 4  1 n x v * 7 i 2 0 x 7 0 x 7 *
8 4 2 f 'xY f ' Z i ? 0 Y7 R 0
8 4  3 nxY OZ1 2 Oy 7 PX *
8 4 4 * X Y f ' Z i 2 Oy 7 PY *
8 4 5 * X Y 0 Z 1 2 0  y 7 p Z - *
8 4 6 nxY 0 Z i 2 Oy7 0 Z ? 2 *
8 4 7 *  X Y 0 Z 1 2 0 y7 0X7 3 r
8 4 8 o x y 0 Z 1 2 Oy7 OYZ *
8 4 y OXY 0 Z 1 2 O x - Y .8 *
8 5 * *  X Y f ' 7 1 2 OX - Y PX *
* 5  1 * X  Y 0 Z 1 2 o x- r p y *
8 5 2 * X Y 0 Z 1 2 OX - Y P Z - *
8 5 3 n XY 0 Z 1 2 O x - Y 0 Z * 2 *
6 6 4 *  X Y 0 Z 1 2 O x - Y 0 x 7 P
8 5 5 nxY 0 Z 1 2 O X - Y 0 Y 7 *
8 * o DxY f’ Z 12 O x - Y O x - Y *
8 6 7 *  X Y 0 Z 1 2 OxY 8 - 1 7
8 5 6 hxY 0 Z 1 2 OxY PX *
H * 9 *  x Y 0 Z 1 2 OXY PY *
6 6 * *  X Y 0 Z 1 2 OXY P Z . *
8 61 n XY f’ Z 72 OxY * Z * 2 3 9
8 6 2 * X Y 0 x 7 8 8 *
6 6 3 OxY 0 x 7 p X 8 *
8 6 4 * X  Y 0 x 7 PX PX *
6 6 5 *  X Y 0 x 7 p y 8 0
8 6 6 * X Y 0 x 7 p y PX 0
6 6 7 f 'xY 0 x 7 p y PY 0
86  h r ,x Y 0 x 7 p. 7 S *
8 6V nxY 0 X 7 p 7 PX 0
8 7 * f'X Y 0 x 7 * 7 Py 3 2
8^1 * X  Y 0 x 7 P 7 - * Z 0
R?2 *  X Y 0 x 7 0 7 1 2 8 *
8 7 3 r>xY 0 X7 0 7 1 2 PX 0
8 7 4 *  X Y 0 x 7 0 7 1 2 P y 0
8 7 5 *  X Y 0 X7 0 7 1 2 p Z - 0
8 7 e n XY 0X7 0 7 ^ 2 OZ * 2 0
8 7 7 nxY 0 X 7 0 X 7 6 0
6 7 6 *  X Y 0 x 7 0 x 7 PX 0
6 7  y *  XY 0 x 7 0 x 7 PY 0
8 * 0 nxY 0 x 7 0 x 7 P Z - 0
6 * 1 *  X Y 0 x 7 0 x 7 0 Z * 2 0
8 * 2 f'X Y 0 X7 0 x 7 0 x 7 0
8 8 3 *  X Y 0 X7 P y 7 8 35
8 * 4 *  X Y 0 X 7 0 y 7 PX 0
8 * 5 * X Y 0 X7 Oy 7 * Y 0
8 * 6 *  X Y 0 X7 0 y7 P Z . 0
8 * 7 f* X Y 0 x 7 Oy 7 OZ t 2 40
8 8 8 *  X Y 0 x 7 0 y 7 0 X 7 0B * y OXY 0 X7 Oy7 0 Y7 0
8 9 0 *  X Y 0X7 O x - y 8 0
8 O 1 * X Y 0 X 7 O x - Y PX 0
8 9  2 *  X Y 0 X7 OX - Y Py 0
6 9 3 o x y 0 X 7 O X - Y P Z . 0
8 9 4 o x y 0 x 7 OX - Y OZ + 2 0
8 9 5 r>x y 0 x 7 OX - Y 0 X7 0
8 9 6 OXY 0 X 7 f>X-Y 0 y 7 4 3
8 9 7 n x Y 0 x 7 O x - Y D X - Y *
89f i o x y 0 x 7 OXY S 0
8 9 9 o x y 0 X 7 OxY PX 0
9 2 * o x y 0 X7 OXY PY 0
9 * 1 o x y 0 X 7 OXY P Z . *
9 * 2 o x y 0 X 7 OXY 0 Z t 2 0
9 * 3 OXY 0 X 7 OXY 0 X7 3 3
9 * 4 OxY •0 y 7 5 S 0
9 * 5 * X Y n y 7 PX 8 0
9 * 6 0 XY 0 y 7 PX PX 0
9 * 7 OxY 0 y 7 p y 8 0
9 * 8 OxY 0 y 7 p y PX 0
9 * y o x y 0 y 7 p y PY 0
9 1 0 o x y 0 y 7 p z 8 0
91 1 0 X Y 0 y 7 PZ PX 3 2
9 1 2 n XY 0 Y7 P7 p y 0
9 1 3 OxY 0 y 7 P 7 - p z 0
0 1 4 n X Y 0 Y 7 0 7 1 2 s 0
9 1 5 Ox Y 0 Y 7 0 7 1 2 PX 0
9 1 6 OXY 0 Y7 0 7 1 2 PY 0
9 1 7 Ox Y 0 Y7 0 7 1 2 P Z - 0
9 1 8 o x y 0 y 7 0 7 7 2 0 Z t 2 0
91 y OXY Oy 7 0 X 7 S 35
9 2 0 * X Y 0 y7 0 x 7 PX 0
9 ?  1 OxY 0 y7 0 X 7 p y 0
9 2 2 oxy 0 y 7 0x7 P Z - 0
9 2 3 oxy 0 Y7 0 x 7 0 Z T 2 40
9 2 4 ox Y 0 Y7 0 X 7 0 x 7 0
9 2 5 OXY 0  y 7 0 y7 S 0
9 2 b OXY 0 y7 0  Y7 PX 0
9 2 7 OXY 0 y 7 0  y 7 PY 0
9 2 6 Ox Y 0 y 7 Oy 7 P Z - 0
9 2 9 o x y Oy 7 o y Z 0 Z ? 2 0
9 3 p o x y 0 Y7 Oy 7 0 x 7 0
931 o x y 0 y 7 Oy 7 0 Y7 0
M
<532
9 3 3
9 34
9 3 5
9 3 6
9 3 7  
y 3 B 
9 3 9  
9 4 s?
941
9 4 2
9 4 3
9 44
9 4 5
9 4 6
9 4 7
9 4 8
9 4 9  
9 5 tfl
9 51
9 52
9 5 3  
9 * 4
9 5 5
956 
Q57 
956
9 5 9
9 6 0  
96  I 
9 6 2  
96  j
9 64
9 6 5
9 6 6
967
9 6 8
9 6  V
9 7 0
9 7 1
9 7 2
9 7 3
9 7 4
9 7 5
9 7 6
9 7  7 
9 7 8  
9 7 y 
9*11 
9 * 1  
9 * 2  
9 * 3  
9 * 4  
9 * 5  
9 * 6  
9 * 7  
9 * 8  
9 * 9  
9 9 0  
9«1  
9 9 2
9 0 3
0 9 4
9 9 5
9 0 6
0 9 7
998
9 0 y 
1 * * 0  
10*1  
10*2 10 * 3  1 0 * 4  
1 * * 5  
1 * * 6  
1 0 * 7  
1 * * 8  
1 * * 9  
1 * 1(1 1*11 
1* 1? 
1 * 1 3  
1 * 1 4  
1 * 1 5  1*16 
1 * 1 7  
1 * 1 8  
1 *jo 1*?* 1 n?i 
1 0 9 2  
1 * 2 3  
1 * 2 4  
1 * 2 5
1 *?b
1 * 27
1*28
1*29
1 * 3 0
m
1 * 3 3
1 * 3 4
1 * 3 5
f t t r f t A r I C O D E t M)
r>xY f ' Y 7 O X - Y 8 0
Ox  Y 0  y 7 f ' X - Y PX 0
* X Y 0 1  7 f ' x - Y Py 0
OXY 0  Y7 O X - Y P Z . 0
OXY O y 7 f ' X - Y 0 Z t 2 0
OXY 0  y 7 O X - Y 0 X 7 - 4 3
n X Y 0 y 7 O x - Y 0  y 7 0
f ' X Y 0  Y7 O x - Y O x - Y 0
Ox Y 0  y 7 OXY 8 0
O x Y 0 Y 7 OX Y PX 0
OXY 0  y 7 OXY PY 0
Ox Y OY? f ' X Y P Z . 0
OXY 0  Y7 f ' X Y 0 Z ? 2 0
o x y O r 7 f i x  Y 0 X 7 0
o x y O y ? OXY 0  Y 7 3 3
o x y f ' x - Y S 8 0
* x y O x - Y P x 8 0
o x y O x - Y PX PX 0
OXY O x - Y p y 8 0
OXY f > X - Y p y PX 0
o x y f ' x - Y p y PY 0
o x y O x - Y * 7 8 0
o x y O x - Y * 7 * X 0
0 X Y O x - Y p 7 PY 0
O x Y O x - Y D 7 - PZ 0
O X Y f » X - Y 0 7 1 2 s 3
OXY O x - Y f ' 7 1 2 PX 0
OXY O x - Y 0 / 1 2 PY *
O x Y O x - Y " 7 1 2 P 7. ~
0  x Y f ' X - Y 0 7  Y2 * Z * 2 0
O x Y f ' X - Y 0 X 7 8 0
o x y f ' x - Y 0 x 7 P x 0
O x Y O x - Y 0 x 7 p y *
OxY f ' X - Y 0 x 7 * Z - 0
O x Y O x - Y 0 X 7 0 Z t 2 0
o x y f ' X - Y 0 x 7 0 x 7 0
O x  Y f >X- Y f 'Y 7 8 0
O x Y f ' X - Y O y 7 PX 0
Ox  Y O x - Y 0  y 7 PY 0
0  X Y f ' x - Y 0  y 7 PZ - 0
O x Y O x - Y 0  y 7 O Z + 2 0
O x Y O x - Y O y 7 * X 7 *
OXY O x - Y O y 7 0  y 7 0
O x Y O x - Y O X - Y 8 0
0 X Y " X - Y O x - Y P * 0
OXY O x - Y O X - Y PY 0
O x Y O x - Y I ' X - Y P Z . 0
Ox Y O x - Y O x - Y 0 Z t 2 *
0 XY f ' X -  1 f ' X - Y 0 x 7 0
OXY O x - y f ' X — Y 0  y 7 0
0  x Y Ox -  Y f ' X - Y O X - Y 0
Ox Y O x - Y f 'X Y 8 *
OXY 0 > . Y OXY PX 0
O x Y O X - Y OXY P y 0
OXY f ’ X— Y f ' X Y P Z - 0
0 X Y O X - Y 0  X Y n z + 2 0
O x Y f ' X —Y f ' X Y 0 X 7 0
OXY O x - Y OXY 0  y 7 0
O x Y f ’ X - Y I ' XY O x - Y 4 4
0  X Y O x Y 8 S 1 4
O x Y o x y PX 8 0
0 X Y O x y PX PX ? 6
O x Y O x y p y S 0
O x Y OXY p y PX 0
O x Y o x y p y PY 2 8
O x Y o x y P 7 s *
0 X Y o x y P 7 PX 0
0 XY o x y P 7 PY *
0 X Y f 'X y P 7 - PZ 2 9
OXY o x y 0 7 1 2 S - 1 7
o x y o x y f ' 7 1 2 PX 0
o x y o x y 0 7 1 2 PY 0
O x Y n x v f ’ 7 l ? P Z - 0
Ox  Y o x y 0 7 * 2 OZ ? 2 4 1
OXY O x Y 0 x 7 8 0
O x Y o x y 0 x 7 PX 0
O x Y o x y 0 X 7 PY 0
OXY o x y 0 X 7 P Z . *
o x y o x y 0 x 7 OZ + 2 0
o x y O x y 0 x 7 n x 7 3 4
* x y o x y O Y7 8 0
0 X Y O x Y 0 V 7 P x 0
O x Y o x y 0  y 7 p y 0
0 x Y o x y O y 7 P7._ 0
O x Y O x y O y 7 OZ t 2 0
OXY o x y 0  y 7 0 X 7 0
Ox Y o x y 0  y 7 0  Y7 3 4
O x Y f ' X y I ' X - Y 8 0
o x y f ' X Y O X - Y P x 0
f ' x Y 0  X Y O X - Y PY 0
Ox v Ox V f ' X - Y * Z . . 0
0  x Y f ' X Y f ' x  —Y nz?? 0
o x y o x y f ' X - Y 0 X 7 0
OXY fl  X Y " X - Y 0 Y 7 0
f ' XY f ' X Y f i  x —Y O X - Y 4 5
Ox Y o x y OXY 8 *
O x Y f ' XY f  X Y PX 0
* X Y f ' X Y " X Y P Y 0
OXY f i x  Y O x Y PZ  . 0
OXY I ' X Y OXY 0 Z * 2 0
OXY O x y O x Y 0 X 7 0
O x Y f ' X Y f ' x Y 0 Y 7 0
O x V o x y OXY O X - Y 0
O x Y o x y f ’ X Y OXY 18
by magnitude. This is  the second o f  the tuo reduction  procedures 
mentioned above. These i d e n t i t i e s  assume no e q u a l i t ie s  betueen the  
n and values d e f in in g  the r a d ia l  functions  associated u i th  each 
su b sh e ll .  I t  should be stressed th a t  there  are o th er in te r e la t io n s h ip s  
betueen the 155 non-zero in te g r a ls  i . e .  the 45 types do not form a 
l i n e a r l y  independent s e t .  The purpose o f  the c a te g o r is a t io n  and indeed  
o f the uhole coding procedure i s  to s to re  as fe u  o n e -cen tre ,  tu o -e le c t ro n  
in te g r a ls  as necessary fo r  r e p e t i t i v e  use in  equations (2 .3 1 a )  and 
(2 .31b ) o r  equations (5 .2 0 a )  and 5 .2 0 b ) ,  U ith  re fe rence  to program 
IND0/5R, ju s t  one vec tor  o f the f u l l  1035 uords, namely ICODE, is  
loaded from the BLOCK'DATA before c a lc u la t io n s  commence.
As the c a lc u la t io n  procedes fo r  each m olecule, subroutine LODI NT 
i s  c a l le d  from INTGRL once fo r  every element, Z, present in  the m olecule. 
Using the n and & combinations c h a ra c te r is in g  each valence subshell o f  
Z, LODINT invokes fu n c t io n  REPEX to c a lc u la te  the N d is t i n c t  in t e g r a ls  
fo r  the element, uhich i t  loads in to  array  R I .  Here ue have : N = 1
i f  Z < 3 ;  N = 6 i f  3 ^ Z ^ 1 1 ;  and N = 45 i f  Z ^ 1 1 .  (S ince the dimensions 
o f RI are 86 x 4 5 ,  these in te g r a ls  could ins tead  be p re c a lc u la te d  fo r  
a l l  elements up to Rn and housed in  the BLOCK DATA. Houever, the
e x is t in g  system makes fo r  easy adjustment o f the S. The time taken to
c a lc u la te  the req u ired  in te g r a ls  is  normally a small f r a c t io n  o f  t h a t  
used in  the complete SCF c a lc u la t io n . )  As the FOCK m atr ix  is  
re c o n s t i tu te d  during each SCF i t e r a t i o n ,  the contents o f  RI are accessed 
using fu n c t io n  TE. Supplied u i th  the AO subscrip ts  jjt V  , X  and o' (as 
u e l l  as the atomic number o f  the cen tre )  TE c a lc u la te s  M using equation  
( 6 . 2 1 ) ,  then accesses IC0DE([Yl ) .  I f  ICODE(n) = 0, then TE re tu rn s  a 
value o f  zero . O theru ise , the absolute value o f ICODE( n) ,  tog e th er u i th
the atomic number, are used as subscrip ts  to access the ap p ro p r ia te
in t e g r a l  from a rra y  R I .  TE then re turns  th is  in t e g r a l  m u l t ip l ie d  by
the  s i g n  o f  ICODE(M).
As in d ic a te d  in  appendix 4 , fu n c tio n  REPEX uorks d i r e c t l y  on AO's
th e re o f  used as basis fun c tio n s  f o r  the HO c a lc u la t io n s .  The in teg ran d  
o f  a o n e -c e n t re , tu o -e le c tro n  in t e g r a l ,  being a product o f  fo u r  basis  
func tions  (and the coulomb o p e ra to r ) ,  i s  r e a d i ly  expanded as a sum o f  
products o f  complex fu n c t io n s .  As shoun in  appendix 7, the 45 d i s t i n c t  
in te g r a ls  can hence be concise ly  expressed in  terms o f  in te g r a ls  
e n t a i l in g  the complex AO's, uhich are c a lc u la b le  using fu n c t io n  REPEX.
The c o d in g -s to ra g e - re t r ie v a l  system described above, fo r  o n e -c en tre ,  
tu o -e le c t ro n  in t e g r a ls ,  has been thoroughly checked out f o r  possib le  
f la u s  by housing i t  in to  a s p e c ia l ly  u r i t t e n  program. LODI NT is  c a l le d  
by th is  program f o r  each o f th ree  very d i f f e r e n t  atoms u i th  s, p and 
d valence su b sh e lls .  By the appropria te  nested v a r ia t io n  o f the AO 
subscripts^ jj, v ,A and cf, the 1035 in te g r a ls  are considered one by one. 
Taking each o f  the th ree  atoms s e p a ra te ly ,  the in t e g r a l  r e t r i e v a l  
using fu n c t io n  TE is  tested  fo r  correspondence, to ten places o f  decim als,  
u i th  th a t  obtained by an o n -th e -sp o t c a lc u la t io n .  The program outputs  
an ap p ro p ria te  message i f  a discrepancy is  found. As u i th  the many o th er  
s u p p o r t iv e - ro le  programs u r i t t e n  and used by the author, no l i s t i n g  is  
given here fo r  reasons o f space.
C a lc u la t io n  o f  the H in  IND0/5R. : ------
The d iagonal elements, H , o f  the core Ham iltonian are estim ated
w
using equation ( 6 . 1 7 ) .  The neg lec t o f  p e n e tra t io n ,  uhich c h a ra c te r is e s  
the CNDO/2 method^ is  observed in  IND0/5R, so th a t:
u i th  complex $ dependence, ra th e r  than the r e a l  l in e a r  combinations
B
(6 .22 a )
V
uhere Ny i s  the occupancy o f  the v*th  valence AO in  the n e u tra l  ground-
s ta te  o f  is o la te d  atom B. S ince, u i th  sp h er ic a l  averaging, the value
o f i s  the same fo r  a l l  o r b i t a l s ,  i n  associated u i th  a given sub­
s h e l l  1 o f  B, ue have from (6 .2 2 a ) :
v^  = ^ B w i V  ( 6 -22b)
uhere N| i s  occupation number o f  valence subshell 1 in  the ground s ta te
c o n f ig u ra t io n  o f  B. I t  i s  th is  expression, (6 .2 1 b ) ,  uhich is  
programmed in  IND0/5R. The value o f  N| fo r  each element are s tored  in  
the a rra y  NGO, uhich is  loaded in  the BLOCK DATA. Expression (6 ,2 2 b )  
n a tu r a l ly  reduces to the o r ig in a l  CMDO/2 expression in  the case uhen 
atoms A (upon uhich j{ is  centred) and B each have only  one e f f e c t i v e -  
subsh ell:
= VAB = ZB K b ( 6 *22c>
For the case uhen A is  a hydrogen or f i r s t  rou atom, the lo c a l  core  
i n t e g r a l ,  U , in  equation ( 6 . 8 ) ,  i s  obtained by an expression e q u iv a le n t
«HF .
to the o r ig in a l  CNDO/2 + I  NDO o n e s ^ 4^ ' :
Uw  = '  *  ( I H + V  " Nr V  + i  V  + ^  ( 6 ’ 23a)
uhere: I  and A  ^ are the c o n f ig u r a t io n a l ly  averaged io n iz a t io n  p o te n t ia l
and e le c tro n  a f f i n i t y  associated u i th  the ap propria te  subshell o f  A;
^ h as  the same d e f in i t io n  as in  equation (2 .4 5 b ) .
The values o f  A  and o f  s u b sc r ip t n,X" are dependent on N^:
For f '^ > 0 ,  X= y
and fo r  N^  = 0, \  in d ic a te s  an o r b i t a l  o f  the h ighest occupied subshell
uhere d in d ic a te s  an o r b i t a l  o f  the lo u es t u n f i l l e d  subshell o f  A.
For the case o f  A having atomic number, Z ^ 1 1 ,  lack  o f e le c tro n  
a f f i n i t y  data has lead to the fo l lo w in g  expression being programmed in  
IND0/5R:
Uyy = -  + 7 j A  ( 6 - 23b^
uhere the s u b sc r ip t  "A” has the same im p l ic a t io n  as in  ( 6 .2 3 a ) • Uhen
the nCNDD" op tion  is  chosen, V  is  the s im ple, (s p h e r ic a l ly  averaged)
one-centre  re p u ls io n  in t e g r a l .  For the "INDO” o p tio n , however, i t  i s
the average in t e r a c t io n  energy ( in c lu d in g  exchange terms) betueen an
e le c tro n  in  subshell (n ,1 ) and an e le c tro n  in  subshell (n ^ j l^ r ) .  Fromjj jj
11 91)the fo rm u la tio n  o f  S la te r  , fo r  (n ,1  ) = ( r v , l y )  = ( n , l ) ,  ue have:
V v = F % , l , n , l )  -  (,41 + 1 ) ' 1 >  Ck ( l , 0 ,1 ,0 )  Fk ( n , l , n , l )  (6 .2 4 a )
k=2
while  fo r  £  (n y - tV ) *  ue have:
X v  = -  <■« (2 ^  + 1H 2 v  + 1 ) )  X
oe
^  Ck( l ^ , 0 , l „ , 0 )  Gk (n ^ , l j j ,nir, l y.) (6 .24 b )
k=Q
\
k kuhere F and G are  the Slater-Condon parameters, defined in  appendix 4 ,  
and the C are defined  by equation (A 2 .7 ) .
Subroutine LODSUB, uhich c a lc u la te s  the q u a n t i t ie s  to be subtracted
from - I  or -  J ( I  + A ) in  order to get U , obta ins each V  v ia  
JJ fJ JJ jJ^ J °jJV
fu n c t io n  ELI NT. In  the case uhen the "CNDO" option  has been chosen,
ELI NT re turns  the simple one-centre  re p u ls io n  in t e g r a l ,  as c a lc u la te d
by fu n c t io n  REPSS. In  the nIND0u case, ELI NT re tu rn s  an in t e g r a l
c a lc u la te d  by e i t h e r  fu n c t io n  AV11 or AV12, according to  whether
$  and / y  belong to the same or d i f f e r e n t  subsh e lls , re s p e c t iv e ly *
P _ _ _
Functions AV11 and AV12 compute according to expressions (6 .24 a )  
and (6 .2 4 b ) ,  r e s p e c t iv e ly .  The c o e f f ic ie n ts  in  these expressions  
are c a lc u la te d  by fu n c t io n  CK,in uhich the expression o f  G a u n t ^ ^ ^ ,  fo r  
the d e f in i t e  in t e g r a l  o f  a t r i p l e  product o f  associated Legendre 
polynom ials, i s  programmed. The Slater-Condon parameters are evaluated  
by fun c tio n s  FK and GK, uhich compute expressions (A 4 .24) and (A 4 .2 9 ) ,  
re s p e c t iv e ly .
The V  „ are a lso requ ired  in  the c a lc u la t io n  o f  E^, . , accordinqatomic* 3
to equation ( 2 .4 5 b ) .  This expression is  programmed in  subroutine
LATEf\!G, uhich makes ap p ro p ria te  use o f fu n c t io n  ELI NT. The value o f
E , . fo r  every element present in  the given molecule i s  hence loadedatomic
in to  the a rray  ATENG, fo r  subsequent use in  the c a lc u la t io n  o f the  
m olecular b inding energy.
Estim ation  o f  the H in  IN00/5R.--------------------------  jjy ------ ‘------
I t  i s  assumed in  th is  sec tion  th a t  /  i s  centred on atom A and 
i s  centred on atom B. For the case uhen A = B, then H = 0
rv  9 y ir
(141)i f  u f as in  the o r ig in a l  CNDO and I  NDO methods . The r e s t  o f  
J >
th is  section  i s  devoted to the resonance in t e g r a ls ,  fo r  uhich A 4- B.
Provided A and B each have Z < 1 1 ,  then the resonance in t e g r a ls  are
c a lc u la te d  according to equation ( 6 .6 b ) ,  u i th  the values o f  the
(1 90a)o r ig in a l  CNDO method . Uhen A and/or B has Z^-11, however,
s t r i c t e r  adherence to the P lu lliken approximation is  attempted in
fo rm u la tin g  the H • Fiu llikens scheme fo r  approximating m u l t i -c e n t r e  
(389)in te g r a ls  d i re c ts  th a t  H be estimated by equation ( 6 .2 5 ) .
U ith  the d iagonal elements,  ^ , c a lc u la ted  as described in  the previous
s ec t io n , i t  i s  r e a d i ly  shoun th a t  equation (6 ,2 5 )  leads to resonance 
in te g r a ls  u i th  magnitudes much too great fo r  sens ib le  re s u l ts  to be 
obtained from CNDO or INDO c a lc u la t io n s *
The main reason uhy the " p r a c t ic a l"  resonance in t e g r a l ,  here  
denoted needs to be o f lo u e r  magnitude than the corresponding
t h e o r e t ic a l  i n t e g r a l ,  H » is  compensation fo r  the oHmission o f  terms 
in v o lv in g  h e f ty  in te g r a ls  o f the form from the e x p l i c i t
fo rm u la tio n  o f  F (equation  ( 2 * 3 1 c ) ) .  Without knouledge o f the s e l f -  
c o n s is ten t bond order m atr ix  o f  the molecule, a m akeshift estim ate  o f  
the c o n tr ib u t io n  o f  these terms may be made by re fe ren ce  to the is o la te d  
atom s i t u a t io n ,  i . e .  by s e t t in g :
P = N (6 .2 6 a )
y y  y
and = 0, j j  (6 .26 b )
Absorbing th is  c o n tr ib u t io n  in to  H u e  have:
(jjvIXX) -  N j/2  ( jn r lf jjj)  -  Njr/2 (jnrlvy) (6 .2 7 )H* = H +
J J V
The M u ll ike n  approximation fo r  the tuo e le c tro n  in te g r a ls  appearing  
f o r  the tuo e le c tro n  in te g r a ls  appearing in  equation (6 .2 7 )  i s :
( H W  = i  sy v  ( V  + V r X ) (6»2d)
Employing formulae (6 .2 5 )  and (6 .2 8 )  in  equation ( 6 .2 7 ) ,  ue get:
X
N/ 2 + V  '  Ky/2 (V  )} (6*29)
S u b s t i tu t in g  fo r  H and according to expressions (6 .1 7 )  and (6 .2 2 a )
and c a n c e l l in g  various terms, ue ob ta in :
Hpr = 4 V  (V  + + <  "* V  + < T
A ^
-  i  ^  -  4 V y ,  (N j, + V ) )  ( 6 * 30^
In  an attem pt to compensate f o r  the inadequacy o f  ( 6 , 2 6 ) ,  and a t  the  
same time to c o r re c t  concerted e r ro r  trends introduced by o th e r  
approximations associated  u i th  the present method, equation (6 ,3 0 )  i s  
scaled by a fa c to r  K .D. Dropping the prime, the expression used fo rHD
resonance in te g r a ls  (uhen Zfi^11  and/or Zg ^  11) in  the present method i s :
v = 4 k ab v ( v + ^  + < A N*  v + ^
>  y
*4 "jj - 4  rV ^  -  4 ♦ N„)) (6 .3 1 )
I t  i s  possib le  to adopt a dual d e f in i t io n  f o r  the fa c to r  J B ^ j such 
th a t  equation (6 ,6 a )  app lies  uhatever the nature o f  A and B, For the  
case uhen <11 and ZB< 1 1 ,  ue have, from expression (6 ,6 b ) :
A b  = * + P b* (6 .3 2 )
*^By ig n o r in g  the term -  ^ V  (l\! + N^.), ue see from th is  expression th a tyv  y
H’ ~  i  5 ( I  + I . r) p v  y tf  p v
This gives some th e o r e t ic a l  j u s t i f i c a t i o n  fo r  the use o f  formula (6 .1 5 )  
and exp la ins  the rough s im i l a r i t y  o f  the optimum J*P values  ^ to the
io n iz a t io n  p o te n t ia ls  o f  the elements concerned.
For the case uhen Z^^11 o r £ g ^ 1 1 ,  ue have, from expression ( 6 .3 1 ) :
A b = * kab (V  + Uw + £  NA + <  rjX x
^ A
-  i  Vyy -  i  -  i V y r  + t'V) }  ( 6 - 33J
In  IND0/5R, i s  c a lc u la te d ,  according to equation (6 .3 2 )  or (6 .3 3 )
as a p p ro p r ia te ,  by fu n c t io n  BAB. The sca le  fa c to rs  K „ are stored inAB
packed form in  the a rray  BFAC, uhich is  loaded in  the BLOCK DATA.
Hethod o f c a lc u la t io n  o f  d ip o le  moments.
D e ta i le d  formulae fo r  the c a lc u la t io n  o f the components o f  j?, by
a scheme uhich re ta in s  monocentric d i f f e r e n t i a l  o v er la p , have a lready
been given fo r  molecules conta in ing  f i r s t  and second rou atoms ^  386-) ^
(1 h 81
These formulae are programmed in  CND0/2-3R and are hence propagated
in to  MOREG (see appendix 3, subroutines CPRINT and OPRINT). The purpose 
of th is  sec tion  i s  to g en era lise  these formulae so th a t  they cover 
molecules con ta in in g  any atom u i th  s, p and d valence su b sh e lls , each 
subshell being represented by a (g e n e ra l ly )  d is t in c t  o r b i t a l  r a d ia l  fu n c t io
I t  i s  shoun in  re fe rence  (386) th a t  the d ip o le  moment o f  a molecule
conta in ing  atoms o f  up to the second rou is  the sum o f a net atomic charge
component (jj ) ,  and s-p mixing component (j$ ) and a p-d mixing component
Q sp
(pptf) • Only the formulae fo r  and JJ^ are a f fe c te d  by the re q u ired  
g e n e ra l is a t io n .  S p e c i f i c a l ly ,  i t  i s  necessary to g en era lise  the r a d ia l  
fa c to rs  o f  the in te g r a ls  < )J ly lv )  and < j j ) z |v > ,  uhere /  and ^
are d i f f e r e n t  AO’ s on the same c en tre .  S ince, uhen ue express X, y and 
z in  sp h er ic a l p o la r  coord inates , ue f in d  each is  l in e a r  in  r ,  then
2the r a d ia l  fa c to r  in  a l l  th ree  in te g r a ls  is  Jo R  ^ r  R  ^ r  d r .  Employing
the S la te r  fu n c t io n a l  form (equation  (A 2 .2 ) )  fo r  R and R^, ue have:
1 R r R r dr = p v
(2 l y ) 2 r V * 1
(2 n )l y / . ( 2 n„)j
/
r n^ +n y-+1  e - ( ^ ; + S v ' ) r d r ( 6 . 3 4 )
( 2£ j ) 2n/' + 1
( 2 n, ) j  ( 2 ry )|
(r\j + ny + 1>!
(£ + £ „ ) '> '+ rv+2
(6.35)
uhere expression (A4.1) has been employed in going from (6.34) to (6 .3 5 ).  
Expression (6.35) has the same form in  a l l  cases uhen til is  an s
r y
o rb ita l  and Giy- is  a p o rb i ta l .  Putting n = n , , n„ = n andrv y s y s v p
i v = £ , ue obtain:
IR r  R r^ dr =
I s P 2
( 2 l s ) 2n* +1 ( 2 £ p ) 2 r i f + 1
( 2 n )! ( 2 n )!tJ p
(n + n + 1 ) 1  
 L_s P
( I  + t> ) n* + nf + 2
(6.36)
For the special case uhen n =.n - 2  and t  = t  = L  ue have froms p s p '
(6 .36):
poc
Rs r Rp r^ dr = (2%)^/4[ . 5 ]/(2o)^  
= 5/2% (6.37)
In ffiOREG, the programmed contribution to Psp(x) by a f i r s t  rou atom 
therefore contains the factor 5/2&. Dividing this contribution by 
5/2% and multiplying by expression (6 .3 6 ) , ue obtain the general 
contribution:
1 2*. ) 2 n * + 1  ( 2 & ) 2 n f + 1  ^  (n + n + 1 )|
_ 2*9348  - ----------------- E  e_________p
(2 n )l ( 2 n ))  j  (% + % ) ns + nP+ 2  S>P* •c ' s p/
(6.38)
The expression for the contribution to JJsp(y) or p (z) by any given
atom d iffe rs  from (6.38) by the appearance of p or P ■ ■ ,s,ps ^ I r ­
respectively, in  place of the bond order matrix element P •
S)P*
Expression (6.35) has the same form in  a l l  cases uhen ^  is  a p
o rb ita l  and 1  is  a d o rb i ta l .  Putting n = n , & = t) . n, = n andr r  s y  p jj p’ v  d
tu  = ue obtain: v d
f  ( 2 *  ) 2n +1 ( 2 t . ) 2n +1 I 4 ( n + n + D j
R r R , r 2  dr = 
P a ( 2 n )! ( 2 n A J (6 + *> ) rV+rv<+2
0 py* v d • p d‘
(6.39)
For the special case uhen n = n, = 3 and ue obtain fromp d p d 7
(6 .39):
/  Rp r Rrf r 2  dr = (2%)7M  7 \ / (2 % )B
Jq
1 /2 6  (6.40)
In FiOREG, the programmed contributions to JJpd( x) ,  Ppd(y) and 
a second rou atom therefore contain the factor 7/2&. Dividing each 
contribution by 7/2t> and multiplying by expression (6 .39 ), ue obtain the 
general contribution to J J ^ (x ) :
-  FACTOR . (p . + p  + p  -  1//3* P , ) (6.41)■ p ,d P»d P ,d ,  , v p ,d /  vy xy z xz x xz -y* x zz
t 0 P  pd(y):
-  FACTOR . (pp >d + pn rf + P n - .H - 1 / / 3 P „  „ ) (6.42)
and to
> W Z) :
p »d ' p ,d , , /v r p , d 'x xy r  yz y x^-y1 ^y* z5-
-  FACTOR . (p . + p , + 2 //3 *p  . ) (6.43)vrp ,d r p ,d /v r p ,d Nx xz y yz z zz
(n + n + 1 )l  P d
( t  + t,d) nf + n < J + 2
In IND0/5R, much of the o rig ina l CND0/2-3R fortran used in
«
programming jj^, JJ and JJ remains in ta c t  in  CPRINT and OPRINT. The 
expressions used to compute and jT  ^ are given the more general form, 
however, such that every atom with Z^.3 contributes the term (6*38) 
to ^ sp(x) (and s im ilar terms to JJ (y )  and Ps p ( 2 ) ) ,  and every atom 
with 11 contributes the term (6,41) to JJp^(x) (and terms (6,42) and 
(6 ,43) to JJpcj(y) andjJpcj(z ) ,  respectively).
Attributes of the INDD/5R scheme, as thus fa r  described.
Uith the use of iden tica l formulae, parameters and STO’ s for
hydrogen and the f i r s t  row elements, IND0/5R is  able ( i f  the "CNDO"
option is  chosen) to reproduce the results obtained using the o rig in a l  
( 'j 44)CMDO/2 method , in  calculations on species containing ju s t  atoms of 
those types. I f  the "IMDO" option is  chosen in such calculations, then 
the results d i f fe r  s l ig h t ly  from those obtained using the o r ig ina l  
IMDO m e th o d ^ b e c a u s e  a l l  the Slater-Condon parameters, instead of 
ju s t  F°, are nou calculated. Since the impact of this change on most 
ground state properties is  s t i l l  small, the attributes of the o r ig in a l  
IMDO method, for species containing atoms uith Z O l ,  are propagated 
into the present method.
The distinguishing features of the present INDO formulation are 
theore tica lly  sound. The ro ta tional invariance of I and the Y7 j j  y v
ensures that the local core in tegra ls , calculated according to 
equation (2.23b), are ro ta t io n a lly  invarian t. The spherical averaging 
of the coulomb .integrals ensures that H , calculated according to 
equation (6 .3 1 ), has the same transformation properties as S , as i t
uhere: FACTOR = 2*2733
(2np)! ( 2 " J |
s h o u l d .  The r e t e n t i o n  o f  a l l  o n e - c e n t r e ,  t u o - e l e c t r o n  i n t e g r a l s ,  u i t h
exact computation, ensures that the to ta l contribution of terms
involving these in tegrals  to a given monocentric Fock Hamiltonian
element (see equations (2.31a) and (2.31b), (6.20a) and (6.20b))
has the correct transformation properties. Several other I NDO schemes
(383 390-2)for use uith basis sets including d o rb ita ls v * do not possess
this la s t  qu a lity , since only one-centre, tuo-electron in tegrals  of the 
coulomb and exchange types are retained.
Strategy of parameterisation for elements uith Z ^ 11 .
Choice of S later exponents.
HF atomic rad ia l functions, l ik e  hydrogenic ones, have (n -  l )
nodes, uhereas Slater functions are nodeless. Even the outer lobe
of an HF function may not be ue ll f i t t e d  by a single Slater function,
the f i t  usually becoming uorse uith increasing 1. On the other hand,
i f  ue represent each atomic rad ia l function by a l inear combination of
m Slater functions, then ue increase the computation times for one
2 4and tuo electron in tegrals by factors of m and m , respectively.
This consideration has led the authors of most non-rigorous MO uorks 
to make do uith single Slater functions. Attempts are often made to 
compensate th e ir  deficiency by choosing the exponents, t), so that  
certain molecular in tegrals obtained uith HF AO’ s are reproduced.
Ovarlap in tegra l f i t t e d  6 's are used in several of the uorks on Pt
•X -J u (334-8,345,347) compounds cited above' * \  Another possible method for
CND0/IND0 calculations is  coulomb in tegra l f i t t in g .
Consider a s ituation uhere $ is centred on atom A and is  
centred on atom B, A  ^ B. In adjusting the STO $  so that a certa in  
value of S is  obtained, i t  is  only important that the corresponding
HF AO is  well represented in  regions of substantial d i f fe re n t ia l  
overlap. Overlap in teg ra l f i t t in g  may therefore be expected to 
produce a Slater rad ia l function which f i t s  the HF function in  a region 
midway between atoms A and S. The exponent, t) , obtained by overlap 
f i t t in g  is  therefore l ik e ly  to be very sensitive to the separation 
A-B, as well as to the nature of f iv .
On the other hand, the value obtained for Y  is  dependent on thepir
whole of y  is  decided by the coulombic e ffec t , as experienced
at and around centre B, of each element of the charge d istr ibu tion  
* The coulomb in tegra l f i t t e d  exponent, , is  thus l ik e ly  to be 
less dependent on the nature and re la t iv e  position of atom B than the 
corresponding overlap in tegra l f i t te d  value.
2 2Any approximate function, R ,^ for which r R^  gives a good f i t  to 
the HF rad ia l probab ility  d is tr ib u tio n , should give rise to in teg ra ls ,
i i n gnod agreement with the HF ones, whatever the nature and re la t iv e  
position of atom B. Ue might therefore reasonably expect the exponent,
I) , which qives rise  to the leas t squares best f i t  between HF and Slater  
rad ia l probab ility  d istributions to be the best ’'overall"  value from 
the point of view of coulomb in tegra l f i t t in g .  Such a f i t t in g  procedure 
would be free of ambiguities arising from the variety of choices for  
atom B.
For the general prediction of molecular in tegra ls , least squares 
f i t t in g  of the rad ia l probability  d istr ibu tion  has the following  
advantages over the d irect f i t t in g  of the rad ia l function:
( 1 ) A single Slater function cannot possibly reproduce the sign 
fluctuations, at small r ,  of the HF function. The former procedure 
avoids any such, obligation on the part of the Slater function.
2(2) The factor r  in  the rad ia l probability  d is tr ibution  provides 
weighting such that best f i t  between HF and Slater rad ia l functions 
w il l  tend to occur at large r .  This region is  often important for  
accurate overlap in tegra ls .
The choice of ionization potentia ls .
The ion ization  potentia l employed for a given subshell of an atom
is  that observed by removal of an electron from the neutral atom in
i ts  ground state configuration, provided this subshell is  occupied
therein. I f  not, then the neutral atom configuration employed is  that
obtained by promotion of an electron from the highest occupied
subshell to the subshell in  question. Each ionization potentia l is
the difference between the average energies of the appropriate configurations
of the mono-cation and neutral atom. The average energy of a given
configuration is  calculated from the energies of i t s  component states,
( 222)m  the manner described by Slater . Each component le v e l,  as 
characterised by quantum number 3, is  weighted by the factor ( 2  3 + 1 ) 
in  the average energy determination, irrespective of the term to which 
i t  belongs. The method is  thereby ju s t as valid in  cases when the 
j . j  coupling scheme is  more applicable to the spectrum than the 
Russell-Saunders scheme.
Choice of the scale factors, K„„.------------------------------------------------*----Ad—
is  a fudge factor, required to correct some of the inadequacies
of equation (6.30) in  molecular situations where H is  of supreme
importance i . e .  when A and B are d irec tly  bonded. One of the chief
inadequacies of (6.30) is  the assumption of an isolated atom electron
d is tr ib u tio n . In  that a given bond, as characterised by the atoms i t
jo ins, may carry a characteristic  charge separation into any number of
chemical s ituations, i t  may be possible to find a single factor Ka A8
able to correct for this charge separation in  any number of chemical
s ituations, K^g may also be able to correct for the non-orthogonality
of the AO’ s of A and B at the characteristic  bond distance. Hence,
the hav/e been chosen so that the observed bond length, A-B, is  
*
reproduced, for the simplest available compound in  uhich A and B are 
d ire c tly  bonded. Bond length is  the most a ttra c tive  ground state  
standardisation property because of the vast a v a i la b i l i ty  of precise 
data, Ab in i t io  uavefunctions, used elsewhere for standardisation^90a,387) 
are not available for many molecules containing heavy ( Z ^ O )  atoms.
The only atoms uith Z^-11 for uhich parameterisation has sp ec if ic a lly  
been made are Cl and Pt,
Specific parameterisation for Cl.
The choice of Slater exponents.
Exponents for the 3s and 3p orb ita ls  have been obtained by f i t t in g
rad ia l probability  densities associated uith the appropriate o rb ita ls
/ 2 5 5 ) 3
of the Roothaan-Hartree-Fock (RHF) uavefunction for the P term
2  5of Cl(3s 3p ) .  Each RHF rad ia l function, R, is  a l inear combination 
of S later rad ia l functions:
R = ^  C. r D i “ 1 e"^i r  16.44)
i
uhere the normalisation constant for each Slater function, i ,  has been 
absorbed into i t s  c o e ff ic ien t, C^. In f i t t in g  (by least squares) a 
single Slater function, specified by n and ti, ue must minimise the 
in tegra l:
J j R 2 r 1 -  (2 6 ) 2 n+1 / ( 2 n)j r 2n e~2^r ] 2 dr
= [ { R4 r 4 -  2 R2 (2t);2 n+1 / (2n )l . r 2 n + 2  e“2^ r + (2&)4n+2/ (  (2n)j ) 2  .
« O
4n -4tir^ xr e  ) dr (6,45)
The f i r s t  term in  the integrand of (6,45) is  not a function of t ,  so 
ue only need consider the quantity (A -  2 B), uhere
HOP
A = ( 2 t ) 4 n+2 / ( (2 n ) !  ) 2  . /  r 4n e"4^r dr
= (2 t ) 4 n+2 / ( ( 2 n)! ) 2  . (4 n )l / ( ^ ) 4 n + 1
= (4 n ) j / ( (2 n ) j  ) 2 . t / 2 4n (6.46)
and B = (2t))2 n+1 / ( 2 n)l . /  r 2 n + 2  r 2  e' 2^r dr
= ( 2 t ) 2 n+1 / (2 n )!  A  C. C. . i B- ( 2 W i + l i
i j  J
) r  dr
= (2 l ) )2n+^ / ( 2 n ) |  ^  C. C. . (2n + n. + n . ) l / ( 2 f )  + t). + t>.)i  J i  j  i  y
i j
(6.47)
To find the best f i t  t) value, i t  is  possible to d if fe re n t ia te  (A -  2 B)
uith respect to £ and set the derivative equal to zero. Houever, i t  is
then necessary to find the required root numerically. One might ju s t
as ue ll perform a d irect numerical minimisation of (A -  2 B) to find
the best f i t  £ value. Using a specially u r it ten  small program, the
following exponents have been thereby obtained, to a precision of 5
2 5decimal places, for  the 3s and 3p o rb ita ls  of Cl(3s 3p ):
t>_ = 2*23885 (therefore r« = 1*56 an)3s 3s 0
= 1*94491 (therefore 7„ = 1*80 a0)3p 3p C'
Information might be gained about the 3d o rb ita l  by considering an
excited configuration of the Cl atom in  uhich the 3d subshell is
(393)occupied. Gianturco 'h a s  calculated numerical HF 3d functions for  
Cl, by varia tiona l minimisation of the average energies of the follouing
*1 C  ^ O A  ^ C O / n « 7 9
configurations: 3s 3p 3d ; 3s 3p 3d ; 3p 3d ; 3s 3p 3d ; and 3s 3p 3d •
The radius expectation values, ^or these configurations, in  units
of a^, are 8*96, 9*28, 4*14, 4*46 and 4*72, respectively. The functions 
obtained uith single excitation are so diffuse that i f  included in  an 
FIO basis they uould contribute l i t t l e  to the bonding of Cl to other 
atoms. Double excitation is  so energetically unfavourable as to make 
the relevance of the la s t  three configurations to molecular situations  
dubious.
1Based on the absence of 3d excited states from the recorded 
(394)spectrum of neutral Cl and on the extreme diffuseness of the
(393)calculated 3d o rb ita ls  for such states , one is  tempted to omit
the Cl 3d o rb ita ls  in  HO calculations. Although i t  may be possible to
give a sensible MO description of even the higher valence states of Cl
(395) (398)uith ju s t the s and p o rb ita ls '  , the results of both ab i n i t i o '
and CNDO calculations indicate that the inclusion of 3d o rb ita ls
in the MO basis may give a substantially improved charge d is tr ib u tio n ,
uhen judiciously chosen. The scheme in  IND0/5R has therefore
been to include 3d o rb ita ls ,  using an exponent l ik e ly  to give optimum
molecular charge d istr ibutions.
Uhen the dimensions of a basis function are changed in  the course 
of ab in i t io  calculations on a given molecule, as uhen the corresponding 
exponent is  v a ria t io n a lly  optimised, a l l  in tegrals involving th is  function 
are changed accordingly. Uith reference to semi-empirical calculations, 
i f  an o rb ita l  exponent is  alloued to deviate from the value i t  uould
take in  the isolated atom, then i t  is  no longer correct to associate
uith the o rb ita l  any in tegra l deduced from observed atomic properties.
Proper variation of the 3d core in tegra l uith £>_ , has been ensured
3d
here by obtaining th is  in tegra l theore tica lly :
U3d •*= *  ^  -  ? / 3  b3d 
This approximation, in  uhich the core electrons are (conceptually) 
grouped uith the nucleus to give a point charge of + 7, is  expected 
to hold u e ll for the 3d o rb i ta l ,  uhich hardly penetrates the core 
electron region.
Ue should also consider the variation in  the H , uhereverpv
or $v is  a 3d o rb i ta l .  In calculating the resonance in tegrals  via 
equation ( 6 . 6 a ), part of the variation appropriate to a change in  
is  accounted for by the corresponding variation in   ^ • In  calculating
B according to equation (6 .33 ), this factor is  also a function of
' A  6 3 d
Equation (6.31) for H should have the same approximate v a l id i ty  for
any exponent, provided the most expedient value of KnD is  redeterminedAd
for each
3d
HC1 is  used here as the standardisation molecule, since i t s
smallness makes re p e tit iv e  MO calculations re la t iv e ly  cheap. I t  uas
o r ig in a lly  planned to vary both 1d and K_.u in  sequence so that both
3 d  C1H
o(397)the experimental bond length of 1*2846 A , and the observed dipole
(398)moment of 1*134 D , uould be simultaneously reproduced. In  practice, 
houever, i t  uas only possible to reproduce the former, the predicted 
dipole moment being consistently too large over the relevant region 
of the parameter surface. A pair of parameters uere therefore determined 
(to a precision of 3 decimal places) to minimise the dipole moment 
u h ils t reproducing the experimental bond length:
"L . = 1*2083o
The corresponding predicted dipole moment for HC1, 1*799 D, is  a l i t t l e  
disappointing, but i t  should be born in mind that ab in i t io  
calculations also predict values larger than that observed for
HC1.
*
Corresponding to t  = 1*208,  ue have r 3d = 2*90 a^. Although
(393)much more compact than the HF functions of Gianturco' , this function
is  s t i l l  more diffuse than the v a r ia t io n a lly  optimised function obtained
(395b) -p •by Breeze et al in  ab in i t io  WO calculations on C1F = 1*5;
r^d = 2*33 Sp). I t  is  also more diffuse than the 3d function recommended
for use in  CNDQ calculations by Santry and S e g a l ) (& = 0*75 1d_3d 3sp
= 1 * 525; ? 3d = 2 , 3 0  “o5-'
Ionization potentia ls .
Uith reference to the ueighted mean energy levels (UML) given in
. % 2 5table ( 6 . 2 ) ,  that for the 3s 3p configuration is  referred to the louest
2 4 5energy level observed for Cl, uhile those for 3s 3p and 3s3p are 
referred to the louest level observed for Cl+. I t  is  therefore necessary 
to add the observed f i r s t  ion ization potentia l, 1^, of Cl in  determining 
the required ionization potentials:
I  = 1 + UHL(3s3p5) -  UI¥IL(3s2 3p5)
=(104991 + 93684*66 -  293*67) cm- 1  
= 198381*99 cm” 1 
= 24*5965 eV
I  = I 1 + UP1L(3s23p4) -  uriL(3s23p5)
= (104991 + 5949*8 -  293*67) cm” 1 
= 110647*13 .cm” 1 
= .13*7186 e\J
Table 6 .2 . Levels (L) and ueighted mean levels (UML) for the required 
configurations of Cl and Cl+ .
2 5(a) 3s 3p configuration.
Term 3 2 3 + 1 L (cm"1) (2 3 + 1 ) , L
2p 3/2 4 0 0
" 1/2 2 881 1762
Total 6 1762
UML(3s2 3p5) = 1762/6 
2 43s 3p configuration.
= 293*67 cm" 1
Term 3 2 3 + 1 L (cm 1) (2 3 + 1) . L
3 p 2
5 0 0
tt 1 3 697 2091
tt- 0 1 996 996
1D 2 5 11652 58260
1S 0 1 27900 27900
Total 15 89247
UHL(3s
3s3p^
2 3p4) = 89247/15 = 
configuration.
5949*8 cm" 1
Term 3 2 3 + 1 L (cm 1) (2 3 + l ) , L
3p 2 5 93366*6 466833*0
It 1 3 93998*7 281996*1
ft 0 1 94332*8 94332*8
Total 9 843161*9
UFIL(3s3p5) = 843161 • 9/9 = 93684*66 cm" 1
Although no spectroscopic levels are recorded^^4  ^ fo r  the 3s2 3p4 3d1
configuration, for Cl might be determined by in terpo lating  the
values obtained for other second rou atoms. In the present case,
houever, the 3d basis function used is  very much more compact than the
2 4 1function calculated for the 3s 3p 3d configuration of the free Cl atom. 
The value of I  programmed in  IND0/5R is  consistent uith the value of 
calculated from equation (6 .48):
X3d “ U^3d + 2  ^sd + 4  K>d^
= 1-4973 eV
uhere the ^  are calculated from equation (6.24b).
The scale factors, K„,v/.------------------   1----cix—
The adjustable scaling factors, K , have been determined for
Ad
six pairs of elements, C1X, i . e .  for X = H, C, N, 0, Cl and Pt. The 
case X = Pt is  not discussed here, but under the “specific  parameterisation 
for P t” . The values of K uhere X = H, C, N, 0 and Cl, uhich reproduce 
the given experimental bond lengths Rr iY > are given in  table (6 .3 ) .
L x A
The closeness of the values to unity gives some v e r i f ic a t io n  of
of the v a l id i ty  of equation (6 .3 0 ) .  Also recorded in table (6 .3 ) are 
the calculated and observed dipole moments of the reference molecules.
The lack of agreement betueen jJcaj c anci ^or HC1 has already been
mentioned above. Agreement is  c learly  much more satisfactory fo r  CH_C1.
w
Specific parameterisation for Pt.
The choice of S later exponents.
The exponents & and for Pt uere determined by f i t t in g  the
9 1tabulated numerical Hartree-Fock-Slater functions for Pt(5d 6 s ) of 
Hermann and S k illm an ^42^• These are tabulated as P = R r ,  rather than
T a b le  6 . 3 .  Kc l x  v a l u e s .
X Reference Rcix • Kcix
i
•^calc ^obs
Compound (A) (D) (D)
H HC1 1«275b 0*855 1*799 1*134
C ch3c i 1•781C 0*904 1 *891 - „ _h 1 *87
N n c i 3 1-759d 0*839 0*126 -
0 C10a 1*546® 1*267 -2*514 -
Cl
C 1 2
1 •988C 0*945 zero zero
2a Open shell ( tt^ ) species, see e.
b Reference (397).
c Reference (269).
d H. B. Burgi, D. Stedman and L. 5. B arte ll ,  0. Mol. Struct. 1_0, 31 (1971).
e R. A. Durie and D. A. Ramsey, Can. 0. Phys. 36_, 35 (1958).
f  Sign convention is :  positive for C l($ -)  -  xCb^ -) s ituation ,
g Reference (398).
h ”CRC Handbook of Chemistry and Physics” , 59th Edition, R. C. Ueast (e d .) ,
CRC Press In c . ,  Uest Palm Beach, F lorida, 1979; p. E64.
as R d ire c t ly ,  for a mesh of values of r ,  from the nucleus to the 
e ffec tive  asymptote, P = 0*0000, In  the ensuing calculations, each 
tabulated value, P (r^ ),  is  taken as constant over the in t e r v a l , ^ ,  
uhere:
Ai = * (ri+i + ri ) - 4 (ri  + pi-i>
_ l  
-  2 (ri+1 - ri-1> <6*49)
The problem of f i t t in g  the Slater rad ia l probability  d is tr ibu tion  to 
2the HF one, P , becomes one of numerically minimising the quantity
f ( \ / ( n W “2&r >2>  P ( r i ) -  (2b) / ( 2n)I r ± e ^
i
uith respect to S.
Using a specially  u r it te n  program, the follouing values have been
thereby obtained, to a precision in  excess of the tabulated P values:
£ = 3*73921bd
= 1*99028
6s
Information about the dimensions of the 6 p o rb ita l  is  here gained
9 1by performing simple varia tiona l calculations on the 5d 6 p and
8 *] 15o' 6 s 6 p configurations of the isolated Pt atom. For ease and 
consistency, the groundstate configuration rad ia l f u n c t i o n s a r e  
retained for a l l  subshells up to and including 6 s, only the 6 p function  
being alloued to vary# A t r i a l  6 p function is  calculated by:
(1)  Taking a 51ater rad ia l function, p j , uith n = 6 and a t r i a lop
exponent 1dI •
6 p
(2)  Converting the function to numerical form, on the same grid as the 
other functions.
(3) Schmidt orthoganolising the function uith respect to the inner p
orbitals, to give P g p :
5. 5. A
P6P = (PIp - <  S n P np> /  0  - <  S n2 f  (6 -5 D >
n=1 n=1
uhe re: S = >  P (r.) p I (r.) A .
n n p v i '  6p' i '  *-*i
9 1 8 1 1The average energies of the 5d 6 p and 5d 6 s 6 p configurations,
uith this P , are calculated by a method uhich makes no use of the free
bp
(399)electron exchange approximation' J and uhich, to th is  extent, is  
inconsistent uith the Herman-Skillman computations. I t  is  only necessary 
to calculate those terms in  the energy expression uhich involve the 6 p 
o rb i ta l ,  since only these vary* Because the 6 p subshell is  singly  
occupied in  each configuration, these terms, taken together, constitute  
the eigenvalue of the 6 p o rb ita l  for each configuration:
o < y c o re  rTi
& p < 5d 6p > =  T 6 p  + %  + >  <4 1 + 2 > « n l . 6 p  +  9 V 5 4 6p
nl
(6.51)
/CO TG
g6p(5d86 s V )  = i 6p + v6p + J . (4 l  + 2 ) Y nl)6p +
nl
8 ^ , - , ,  +  V ,  ( 6 . 5 2 )5d,6p ° 6 s,op
uhere: Tg is  the k inetic  energy in teg ra l for the 6 p subshell,
is  the nuclear a ttrac tio n  in tegra l for the 6 p subshell,
^nl 6 p avera9 e in teraction energy between an electron
in the nl subshell and an electron in  the 6 p subshell, calculated  
according to equation ( 6 , 24-h),
The numerical computation procedures used to obtain T ^  and V 
are described in  appendices (5a) and (5b), respectively. The numerical 
computation formulae for the Slater-Condon parameters, required to
Figure 6 .2 . Eigenvalue of the t r i a l  6 p o rb i ta l ,  as a function of the
Slater exponent determining i t s  outer lobe, for tuo
configurations of Pt. (Curves f i t te d  to values 
determined at in terva ls  of 0 * 1  in  t)T .)
6 p
- .0 5 '
- . 10-
0 .5 0.6 o.<?0 .7 1.0
calculate g , are given in appendix (5c). No l is t in g  is  given of
the software used to calculate the 6 gp> f ° r reasons of space.
^  is  plotted against , for the two configurations, in  figure
(5.2)*. The optimum function for the 5d 6 s 6 p configuration is  c learly
9 f
more compact than that for the 5d 6 p configuration. The exponent
9 1appropriate to the 5d 6 p configuration is  used in  INDQ/5R, since this
is  the configuration used in  the determination of Igp* The minimum point 
C? 9 1of the-Cg (5d 6 p ) curve has been determined numerically to f iv e  
decimal places:
= 1*09546
6 p
2A least squares f i t  of the rad ia l probability  d is tr ib u tio n , P . of
6 p
the orthogonalised 6 p function, by a Slater function, gives an exponent 
only marginally d i f fe re n t  from ^ P :
= 1*09524
6 p
I t  is  this exponent uhich is  used in  IND0/5R.
Ionization potentia ls .
The accuracy of the determinations of 1 ^  and I  is  compromised 
by the incompleteness of the recorded Pt spectrum ^ ^ 1 ^, The problem
D
is less severe for I_  ,, uith tuo of the ninety states for the 5 d 6 s
bd
+ 9configuration of Pt missing. For the 5d 6 p configurations of Pt,
however, eighteen of the s ixty  states are missing so that the value of
Ig given below is  rather crude. Using the weighted mean energy levels
given in  table 6 .3 , and the f i r s t  observed ionization po ten tia l, 1^,
for Pt, we have:
J5d-= J1 + unL( 5 d8 6 s1) -  UfvlL(5d9 6s1)
= (72300 + 20247*70 -  5087*85) cm" 1 
= 87459*85 cm" 1
= 10*8437 eV
T a b l e  6 . 4 .  L e v e l s  ( L )  and u e i g h t e d  mean l e v e l s  (UHL) f o r  t h e  r e q u i r e d
+configurations of Pt and Pt .
9 15d 6 s configuration ( a l l  20 states accounted for (331) y
Term 3 2 3 + 1 L (cm ( 2 3 + 1 ) . L
1D 2 
3D 1 
u 2 
» 3
5
3
5
7
13496*3
10132*0
775*9
0*0
67481*5
30396*0
3879*5
0*0
Total 20 101757*0
unL(5d96s1) = 101757*0/20  = 5087 • 8 5 cm
9 15d 6 configuration (18 states missing; no term , (331 assignment made
since Russell--Saunders scheme does not apply).
Livingood
+ + . (331)  notation' '
3 2 3 + 1 L (cm~^) ( 2 3 + 1 ) . L
' 1
_o
°3
2 5
3 7
32620*0
34122*1
163100*0
238854*7
1 3 36844*7 110534*1
4 9 37590*7 338316*3
3 7 37769*0 264383*0
<
0 1 40873° 5 40873*5
' 27° 3 7 46622*5 326357*5
29° 1 3 47740*6 143221*8
Total 42 1625640*9
URL(5d9 6p1 ) = 1625640*9/42 = 38705*74 cnf1
T a b l e  6 . 4 .  ( c o n t . )
9 (331)(c) 5d configuration ( a l l  10 states accounted for ' ) ,
Term 3 2  0  + 1 L (cm"1) (2 3 + 1 )  L
2d 5/2 6 0 * 0 0 * 0
II 3/2 4 8419*9 33679*6
Total 1 0 33679*6
UHL(5d9) = 33679*6/10 = 3367 •96 cm" 1
c ,8 ,  1 5d 6 s configuration ( 2  states not accounted for<331>).
Term 3 2 3 + 1 L (cm 1 ) (2 3 + 1 )  L
4f 9/2 1 0 4786*6 47866*0
11 7/2 8 9356*2 74849*6
It 5/2 6 13329*3 79975*8
II 3/2 4 15791*4 63165*6
4P 5/2 6 16821*4 100926*0
It 3/2 4 21169*0 84676*0
II 1 / 2 2 21717*5 43435*0
2f 7/2 B 18097*9 144783*2
II 5/2 6 23461*7 140770*2
2d 3/2 4 23875*9 95503*6
It 5/2 6 32919*2 197515*2
2P 1 / 2 2 27256*1 54512*2
It 3/2 4 ' 32237*6 128950*4
2g 7/2 8 29030*7 232245*6
II 9/2 1 0 29262*3 292623*0
Total 8 8 1781797*4
UHL(5d8 6s1) = 1781797*4/88 = 20247*70 cm" 1
X6 s = X 1 + UnL 5^d9) -  ^ L (5 d 9 6s1)
= (72300 + 3367*96 -  5087*85) cm" 1 
= 70580*11 cm 1 
= 8*7509 eV
I = I <) + UML(5d9) -  m L(5d9 6p1)
= (72300 + 3367*96 -  38705*74) cm" 1 
= 36962*22 cm" 1 
= 4*5828 e\I
The scale factors,-------------------------------— ptX—
The adjustable scale factors, K  ^ (see equation (6 .3 1 ) ) ,  determined 
for six pairs of elements, PtX, are l is ted  in  table (6 .5 ) .  The K
H Z a
values for X = H, C, N, F and Cl have been determined to reproduce the
given experimental bond lengths, ^4  ^ and ^  complex ions
2_indicated. The Pt-H bond length in  the hypothetical hydride, PtH ,
is  estimated as the sum of the atomic r a d i i ^ 88  ^ of Pt and H. (X-ray
(401)d if fra c t io n  studies on monohydrides of Pt have fa i le d  to determine
this bond length, since the electron cloud of the hydride ligand is
hard to resolve uhen so ue ll  entrenched in  the Pt valence electron b e l t ) .
This estimate is  very sim ilar to the value of 1*66 ft, obtained by
(357 349)summing covalent r a d i i ,  uhich has been used in  other M0  uorks ' .
Knxn has been determined by in terpolating the curve of K„ , versus PtO 3 PtX
the atomic number of X. A quadratic curve f i t te d  to the l is te d  
K_ , and KD,_ values is  employed for this purpose.r Zt'4 r wi
I t  may be seen from table (6e5) that the K values range fromW X*A
1*36 to 1*82. No satisfactory explanation for this trend of deviation  
from unity is  available at this stage. On the basis of the inadequacy 
of representing the o rb ita l  populations by th e ir  neutral atom values in
Table (6 .5 )*  K values, 
H *CX
X Reference Complex Rptx ^ KPtX
* H PtH.2" 3  4 1 * 6 b 1*787
C Pt(CN)42- 1 •' 989C 1*495
n pt(NH3)42+ 2*052d 1*364
0 - - 1*473b
F PtF6 2' 1*90 8 1*822
Cl 2 -PtCl,4 2*309f 1 *401
(a) Hypothetical complex,
(b) Estd., see te x t ,
(c) D. H. Uashecheck, S, U, Peterson, A. H. Reis and 3. M. Williams, 
Inorg, Chem. 15, 74 (1976),
(d) R. Shandies, E, 0, Schlemper and R, K, Flurmaon, Inorg, Chem. 1_0, 
2785 (1971).
(e) V. V. Uilhelm and R. Hoppe, Z. Anorg. Allg. Chem. 414, 130 (1975).
( f )  R. H. B. Fiais, P, G. Ouston and A. FI. Uood, Acta Cryst, B28,
393 (1972).
the formulation of H , one might expect values of less than unityMV PtX 7
for the four anionic reference complexes, Uith these complexes, the 
to ta l electron population is  under-represented in  equation (6 ,30 ), and 
this discrepancy tends to make the unsealed resonance in tegrals  too 
great in  magnitude. Another possible cause of the trend of deviation  
from unity in  the K values is  basis set deficiency. This p o ss ib il i ty
H XA
is  forwarded because the largest Kp  ^ values arise where the description  
of Pt-X rr-bonding should be most sp o ilt  by the fa i lu re  to include 
polarization functions centred on X i , e ,  for X = H and X = F. Perhaps 
an increase in  the theoretica l strength of the cJ-bonds is  necessary 
to balance this loss, as regards maintenance of the observed equilibrium  
bond distance.
Results of calculations on Pt complexes.
Prediction of dipole moments.
An essential quality  of a ground state oriented MO approximation 
is  the a b i l i ty  to give a sensible description of molecular charge 
d istr ib u tio n . The present method has been tested in  this regard by 
performing calculations on a series of square planar P t ( l l )  complexes,
1, where L = or CO and Z = H, CH ,^ or
Z >0 Pt- ■L
Cl 2
1
The geometries used in  these calculations are a l l  based on the X-ray 
structure of the complex with L = CO and Z = which is  published
(402)along uith  the dipole moment data . The geometrical substitution  
of the CO ligand by ^ 2 ^ 4  e '^<?ec'ted by placing £ ^ 4  in  the same position  
re la t iv e  to Pt, Cl^ and Cl2 as observed in  Zeises salt^41^ .  The 
replacement of -OCH  ^ by the other substituents, Z> is  effected using 
standard bond lengths and a n g l e s ^ ^ * ^ ^  for these substituents, uith  
no other changes in  the geometry of the complex.
Values of the to ta l dipole moment, )J, calculated using the generalised 
method described above, from the INDOuavefunctions, are compared uith  
the observed values in  table 6 , 6 , The INDO net charges on Pt and the 
four ligands are also l is te d  here. The agreement between U , and jj
'  ODS CclJLC
is  c learly  satisfactory for the complexes with L = 2^ ^4 * However,
instead of the observed moderate increase in JJ on replacing by CO,
in any given complex, the calculated values show a moderate decrease,
making agreement less satisfactory. Part of this discrepancy arises
(190a)from the retention of the orig ina l CIMDO parameters J for the ligand
/ (404)atoms. The CNDO/2 method is  known to predict a dipole moment of
1*00 D for CO in  the direction from oxygen to carbon (taking the positive
direction as from S+ towards % -), instead of the observed moment of
0*11 D in  the opposite d irection. On adding the appropriate correction
vector, of magnitude 1*11 D, to the calculated dipole moment vectors for
the complexes uith L = CO, the PQa^ c values given in  brackets in  table
( 6 . 6 ) are obtained.
Prediction of force constants.
Attention is  confined here to the force constant, f , D, encounteredAS
on the longitudinal variation of bond length, R .D> from i t s  equilibriumAB
value, Rab:
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uhere E is  the to ta l  energy of the molecule. The CNDO/2 method, uith
betui 
(405)
i t s  orig ina l parameters, yields f  values larger by factors of ween
two and three than the values observed from vibrational spectra
Agreement may be improved by empirical adjustments to the functional
dependence of the core-core repulsion^*"*^ or the H on R •
J J T  AB
Hope that the present method, devoid of such adjustments, might be able
predict satis factory  f  values for metal-ligand bonds is  inspired by
Ad
the following considerations:
(1) The functional dependence of H on RAn d iffe rs  from that of thej j \ r  ab
orig ina l CNDO/ 2  formulation, through the required introduction of 
(see equation(6.31))•
(2) The approximations common to the CNDO and I NDO methods gain greater 
v a l id i ty ,  in  a bicentric  context, the greater the separation of the centres. 
Since metal-ligand bonds are longer than the simple covalent bonds for  
which the CNDC/2 method has been t e s t e d i t  is  reasonable to expect 
better force constant prediction.
f  is  calculated here by numerical d if fe re n t ia t io n  of the INDO
M D
reaction surface. E is  calculated at 0*01 * in terva ls  in  R withAB
at least two determinations on either side of R^  . The f i t t e dAd
polynomial yields f  via equation (6 .5 3 ) .
Calculated values of f nxv/, for four D,, complexes and one 0L complex,PtX 4h h
are compared with the observed values in table 6 . 7. The equilibrium  
Pt-X bond lengths are those given in  table 6 . 5. Uhile most of the 
f  (obs) values are taken d irec tly  from the l i t e r a t u r e ^ ^ ' ^ ^ ,
H  L A
f  ,(ods) is  estimated from the ranae of Pt-H stretching freouenciesPtH - •
- 1  (410)(1350 to 2280 cm ) observed for monohydrides of Pt, by representing
the vibration , a lgebra ica lly , as simple harmonic o s c il la t io n  of a proton.
TABLE 6.7 Pt-X bond force constants (fp^)
PtX £ptxcobs) tmdyn/Xl fPtX(calc)
ptHr 2.26-3.09 a 2,83
pt(oi)r 3.43 b 4.12
Pt(NH,)J+ 2.S3 b 2.58
PtFf 3.18 b 2.43
PtC£.J” 1.99b, 2.30c 3.02
(a) Estd. from Pt-H stretch frequencies in monohydrides, see text
(b) Reference &08].
(c) Reference [4D9j.
Agreement between fp^ (obs) and fp ^ (c a lc )  is  only moderate o vera ll,  
but a t least the calculated balues are free from systematic excesses.
Conclusions and scope for future work.
The INDO scheme described above, which is  parameterised for the 
reproduction of bond lengths, is  shown to predict sensible dipole 
moments and metal-ligand bond force constants for the platinum complexes 
considered. The method is  promising as a means of predicting ground 
state properties generally in  such complexes. Before IND0/5R can be 
deemed re l ia b le ,  however, i t  is  necessary to tes t the charge d is tr ib u tio n  
and equilibrium geometry predictions of the method for a wider range 
of complexes,
Pluch would also be learn t from the investigation of HO methods
which would d i f fe r  from that described above, p r in c ip a lly , in  the
explicit retention of two-electron integrals of the type (jjv|A\).
Such methods, in  which the F would be sensitive to sh ifts  in  the
y v
electron density d is tr ibu tion  from the neutral atoms situation (equation 
(6 ,26a)) could scarcely be c lass ified  as nINDOn•
A P P E N D I C E S
AP PEN DIX  1 .
DERIVATION OF PHARMACOKINETIC EQUATIONS.
(a) Standard tuo-compartment equations for rapid intravenous administration,
Uith reference to figure 1.2, the rate of change in  the concentration, 
[C ], of drug in  the central compartment is  given by:
V.d[c] = - (ke + kp [c] + — k_1 It]  (A1 . 1)
dt uc
Uhile the rate of change in the concentration, [T ] ,  in  the tissue 
compartment is  given by:
V
dt V
i m  = _c s  H  ^  ( f l l . 2a}
T
£ —  - k [ c ] )  (A1 . 2 b)
VT dt
D iffe ren tia tin g  (A1.1) uith respect to t ,  and rearranging, ue obtain: 
,2 m  iM  V.
m + ( k  + k j £ l c l  -  —  k =
2 e 1 —1dt dt V^  dt
0 (A1.3)
Employing (A1.2b), this becomes:
+ (ke + k1 + k_p ^ 1  + k ke [C] = 0 (fl1.4)
dt dt
Equation (A1.4) is  a standard linear homogeneous second order d i f fe r e n t ia l  
equation, uith the solution:
[ c ]  = + a2 e^t  ( 1 . 5)
Uhere!f t ]  = '  ^ (ke + S  + ^ ^ l - ]  i  ( (k e + S  + k- 1 ) 2  " 4  ke k- 1 ) 2
( A 1 . 5 )
Constants and a 2 are determined by the i n i t i a l  conditions. At 
t  = 0 , ue have:
[c] = [c]°
and [ t]  = 0
t h e r e f o r e  = -  ( k g + ) I c ] °  ( f r o m  ( A1 • 1 ) )
P u t t i n g  t  = 0 i n  e q u a t io n  ( 1 . 5 )  and i t s  f i r s t  d e r i v a t i v e ,  ue have :
a! + a2 = t c] °
lO
a1°< + a2/® = '  k^e + V  £
S im u l ta n e o u s  s o l u t i o n  o f  th e s e  e q u a t io n s  y i e l d s :
r . , 0  ( ke + ki * £ >  , ,
a. = -  [C] ---------------------------  (A 1 .6 )
1
n + ^ + ° 0
and a2 = [ c ]  --------------------------- ( A1.7 )
(«* -  p )
E m p lo y in g  e x p r e s s io n  ( 1 . 5 )  i n  e q u a t io n  ( A 1 .2 a ) ,  ue o b t a i n :
(A 1 .8 )+ k [ t]  = _c k ( + e(8t)
d t  VT
The t r i a l  s o l u t i o n  t o  e q u a t io n  (A 1 .8 )  i s :
[T] = e=<t + b2 e^ + b3 e " k-1 t (1.6)
D i f f e r e n t i a t i n g ,  ue o b t a i n :
— = b^ c< e°Ct + P  9 ^ t  “  b3 k - i  1 (A 1 .9 )
d t
E m p lo y in g  th e s e  i d e n t i t i e s  i n  e q u a t io n  ( A 1 . 8 ) ,  ue f i n d :
V.b1 + k- i^  e0tt + b2 + k-1^ e^t  = ~  kl ^al ^  *  a2
uc k i  a iHence: b „  =  —  - - - - - - - - - - - - - - - - - - -
' UT + k_ P
VC k 1 a2ana b = —  -------------------
UT + k_ 1 )
S in c e  £tJ = 0 a t  t  = 0 , ue o b t a in  f ro m  e q u a t io n  ( 1 . 6 ) :
(b )  S ta n d a rd  tu o -c o m p a r tm e n t  e q u a t io n s  f o r  o r a l  a d m i n i s t r a t i o n .
• I n  t h i s  c a s e ,  i n s t e a d  o f  i n s t a n ta n e o u s  i n p u t  t o  th e  c e n t r a l  
c o m pa r tm en t a t  t  = 0 ,  ue assume a f i r s t  o r d e r  r a t e  o f  mass i n p u t  o f  
\J  ^ k ^  = l / ft k a e • r^|"ie r a t e  change i n  th e  c o n c e n t r a t i o n
o f  d ru g  i n  th e  c e n t r a l  co m pa r tm en t i s  g iv e n  by :
i i M  = _A [ f l ] D e- k at  _ (k k ) [C]  + _T [ T -, (A1e10)
d t  vB vc
E q u a t io n  (A1.2rt) f o r  dffl/dfc re m a in s  v a l i d ,  th ough  in s t e a d  o f  (A1.Zb) ue 
h a v e :
^  = —  ( -  k [ f l f e - ^  -  4_£_  .  k [ : ] )  (A 1 .11 )
d t  VT Vc d t
D i f f e r e n t i a t i n g  e q u a t io n  ( A 1 .1 0 ) ,  ue have :
= .  I * .  k 2 e- k . t  _ (k } d £ c l \  d £ [ l
d t2 uc a L J  S 1 d t vc - 1 d t .
I n s e r t i n g  e x p r e s s io n  (A 1 .1 1 )  f o r  d [ l ] / d t ,  t h i s  becomes:
,2 m  V
s - l £ l =  - - & k  2 [ a ] d e- k l t -  ( k  + k j  ^ £ l  +
d t 2 Vc B d t
k ,  ( ~ k  [ A ] °  e^ t  .  k W )
Vc d t  8
(kB + k1 + k-H ^ f L+ ke k-1 W = 7 k£ (k-1 - kaH Afd t  d t  V
C
(A 1 .1 2 )
The t r i a l  s o l u t i o n  to  e q u a t io n  (A 1 .1 2 )  i s :
[ c ]  =  + a 2 e ^  + a 3 ( 1 . 7 )
uhe re  <* and /3 a re  s t i l l  d e f in e d  by ( A 1 . 5 ) .  I n s e r t i n g  [ c ]  and i t s  f i r s t  
and second d e r i v a t i v e s ,  f ro m  ( 1 . 7 ) ,  i n t o  e q u a t io n  ( A 1 .1 2 ) ,  ue o b t a i n :
a3 k a2 e’ k‘ t  -  a3 ka <k .  + k1 + k- 1 } ^  + a3 k e k-1  ^
= “  k a (k 1 -  ka } e" k^
«C
VA k a <k-1  -  k a } C flJ
0
t h e r e f o r e  a = ------------ ---------------------------------------------------- :------------ (A 1 .1 3 )
Vr  (k  -  k (k  + k + k J  + k k )C a a e 1 - V  e - 1
a^ and a2 a re  d e te rm in e d  by th e  i n i t i a l  c o n d i t i o n s .  A t  t  = 0 ,  ue h a ve :  
[C] -  0
h [ c l  A . r nq~anc = —  k L AJ
d t  v c
P u t t i n g  t  = 0 i n  e q u a t io n  ( 1 . 7 )  and i t s  f i r s t  d e r i v a t i v e ,  ue have :
a1 + a? = -  a3 (A 1 .1 4 )
V
a1 *  + a2 z3 = —  ka I A3 + a3 ka ( A1.1 5‘)
VC
S o lv in g  s im u l t a n e o u s ly  f o r  a and a2 , and e m p lo y in g  e q u a t io n  ( A 1 . 1 3 ) ,  
ue o b t a i n :
n u. ~ k (k  + k ) -  k k - f t ( k - k )  0 A a a 1 e'  - 1 e P  - 1 a /
\lr  ~ &  k 2 -  k ( k + k + k J  + k k C 1 a a e 1 - 1 e - 1
(A 1 .1 6 )
I— j 0 UA k a k a ( k 1 + k e> "  k-1  ke ‘  *  <k-1  ‘  k a> and a = [ A J ------------------------------------------------------------------------------------------------
VC * *  -  P )  k a -  k a ( k e + k1 + k- H  + k e k-1
(A1 .1 7 )
S u b s t i t u t i n g  e x p r e s s io n  ( 1 . 7 ) ,  f o r  [ c ] ,  i n  e q u a t io n  ( A 1 . 2 ) ,  ue g e t :
I n s e r t i n g  [ T ]  and d | j ] / d t ,  f ro m  ( A 1 .1 9 ) ,  i n t o  e q u a t io n  ( A 1 .1 8 ) ,  ue 
o b t a i n :
co m p a r tm e n t .
As f a r  as e q u a t io n s  ( 1 . 5 )  and (A 1 .5 )  t o  (A 1 .7 )  go, th e  o n l y  change 
r e q u i r e d  i s  th e  r e p la c e m e n t  e v e ry u h e re  o f  k^  by ( k ^  + k ^ ) ,  uh e re  k^ 
i s  th e  f i r s t  o r d e r  r a t e  c o n s ta n t  f o r  d r u g - r e c e p t o r  c o m p le x a t io n .  The 
r a t e  o f  f o r m a t i o n  o f  th e  com p lex ,  RD, i s  g iv e n  by
d [T ]
d t
(A 1 .18-)
The t r i a l  s o l u t i o n  t o  e q u a t io n  ( A1.1 8 )  i s :
(A 1 .1 9 )
b1 e
t h e r e f o r e
and
b,2
and
b3
(c )  I n c l u s i o n  o f  d r u g - r e c e p t o r  i n t e r a c t i o n ,  u i t h  b io p h a s e  i n  c e n t r a l
Q 3
therefore £rd3 = k^ ( ~  e°^ + - jg  e^) + constant of integration
= c  ^ e *1 + c2 e ^  + c3 (1 *9 )
u h e re :
n k (k + k + k + yfi) 
r 0 r e r 1 
c = -  [ C j  ----------------- --------------------------
< *  (< *  -  f i )
and
C -  =  [ C ] °  -
( k  + k + k + o t )  e r  1 '
2 /8 ^  -  /9)
and, s in c e  [R D ]  = 0 a t  t  = 0 , ue have :
C3 = -  (C1 + C2}
(d )  I n c l u s i o n  o f  d r u g - r e c e p t o r  i n t e r a c t i o n  u i t h  b io p h a se  i n  t i s s u e  
com pa r tm en t*
U h i l e  e q u a t io n s  (A 1 .1 )  and (A 1 .3 )  a re  unchanged, th e  e q u a t io n s  f o r  
th e  r a t e  o f  change i n  c o n c e n t r a t i o n  i n  t i s s u e  com pa rtm en t a re  m o d i f i e d  
by th e  r a t e  o f  l o s s  due to  d r u g - r e c e p t o r  c o m p le x a t io n :
= —  k [ C ]  -  (k  + k ) [ T ]  ( f l1 .2 0 a )
d t  VT
y
= —  ( -  -  k [ C ]  ) -  k_ [ t ]  ( f l1 .2 0 b )
V d t
E l i m i n a t i n g  £ T ]  b e tu e e n  e q u a t io n s  (A 1 .2 0 a )  and (A 1 .2 0 b ) ,  ue o b t a i n :
^  -  —  —  ( [ C ]  ( k ,  k r  + k e ( k _ 1 + k r ) )  + l k _ 1 + k r ) j
( A 1 .2 1 )
d t  k _ 1 UT
E m p lo y in g  (A 1 .2 1 )  i n  ( A 1 . 3 ) ,  ue o b t a i n :  
w , ,  ,  „ .  k
d t
= 0 (A 1 .2 2 )
+ (k  + k +  + k ) + I k ,  k r  + k e k_ , + ke k r ) [ c ]
d t  
The g e n e r a l  s o l u t i o n  t o  (A 1 .2 2 )  has th e  same fo rm  as e x p r e s s io n  ( 1 , 5 ) ,  
th o u g h  u i t h  d i f f e r e n t  d e f i n i t i o n s  f o r  and f3 i
{ p l  = '  *  (k e + k1 + k-1 + kr } *  ( ( k e + k1 + k-1 + kr ^ '
4 (k 1 kr + ke k_l + kg kr ) ) 2 (1 .1 1 )
The r e a s o n in g  l e a d in g  up t o  e q u a t io n s  (A 1 .6 )  and (A 1 .7 ) '  f o r  a^ and
a2 r e s p e c t i v e l y  (se e  above) s t i l l  a p p l i e s ,  b u t  u i t h  th e  neu d e f i n i t i o n s
o f  c< and f t •
E m p lo y in g  e q u a t io n  ( 1 . 5 )  i n  (A 1 .2 0 9 ) ,  ue o b t a in :
^ 1  + (k + k ) [ t]  = —  k (a e * 1 + a (A 1 .23 )
d t  *" V
The t r i a l  s o l u t i o n  o f  e q u a t io n  (A 1 .2 3 )  i s :
IT] = b1 b + b2 eP1 + b3 e" (k-1 +k'-)t (1 .12)
D i f f e r e n t i a t i n g  ( 1 . 1 2 ) ,  ue o b t a i n :
= b^ d  e ^  + b2 |8 e ^  -  b^ (k   ^ + k ^ )  e ~ ^k“l  + kt * ) t  (A 1 .2 4 )
dt
E m p lo y in g  ( 1 .1 2 )  and (A 1 .2 4 )  i n  ( A 1 .2 3 ) ,  ue o b t a i n :
b. (<* + k + k )  e* + b  (fi+k + k )  1 v -1  r  2 r  -1 r
Ur
—  k (a e + a e^u) 
l/T
k1 ai
therefore b^  -------------
U_ + k + k 
I -1 r
o  V c  k ,  ( k e  +  k ,  +  fg )  _ _
= - .LCJ (using (A1 • 6))
V T (oC + k - 1  + k r } ^
yg k1 a2
therefore b^ =-----------
2 U T / *  ♦  k _ !  +  k r
r iO y c k 1 ^k e + k 1 +
= ~ [ c ] ------------------------------------------------------------(using ( A1 • 7 ) )
vT (p  + k ^  + k r ) (<* -  f i)
The r a t e  o f  f o r m a t i o n  o f  th e  com plex  RD i s  g iv e n  by :
- * M .  „ k w
d t
= k r  (b ,  e*14 + b2 e f *  + b3 e - ^ - n + k r ) ^  ( u s in g  ( 1>12) )
t h e r e f o r e  [ r d ]  = k ( —  eat*' + —  g f ^  _ ---------------    e ~ ^k-1 + k f ) t ) +
1 *  (k.T + kr )
c o n s t a n t  o f  i n t e g r a t i o n
ott f i t  -  (k - + k r ) t= c e + c e ^  + c „  e v -1 TJ + c .i 2 3 4
k b r  1un e re  c ,  =
k b_, r  2and c„ =2 fi
k b_ r . 3and c„ = -  -------------
3 (k - + k ) ' -1 r '
and s ince [RD] = 0 a t t  = 0, ue have: 
c4 = -  (c 1 + C2 + C3 }
APPENDIX 2 .
u h e re :
R -] ( r )  = n , l
1 * 2
2n+1
EVALUATION OF THE TUO-CENTRE, ONE-ELECTRON INTEGRALS, .   — ■ — ■  ....  ■' l .. . .ii .... .I . . . I . ,  p y
i s  th e  c o u lo m b ic  i n t e r a c t i o n  be tween a u n i t  p o i n t  c h a rg e ,  
p , u i t h  p o s i t i o n  v e c t o r  r ^ ,  and th e  ch a rg e  d i s t r i b u t i o n  ^  uhe re
^  and a re  r e a l  S l a t e r - t y p e  o r b i t a l s  (STO’ s )  c e n t r e d  on th e  same 
a tom , A?
Rn , l ( r ) ®L,m<B)
1
n-1 - t r  , ■ _»r  e (A 2 .2 )
(u h e re  t) i s  th e  S l a t e r  e x p o n e n t)
©^ m(8 )  th e  n o rm a l is e d  a s s o c ia te d  Legendre  p o ly n o m ia l  o f  deg ree
1 and o r d e r  m
5 m( $ )  =  1 / / 2 tt ,  m =  0 .
= 1 / / tT cos m {j) , m >  0 .
= 1 / / tt s i n  m 0 , m < 0 .
For c o n v e n ie n c e ,  ue choose th e  r e fe r e n c e  fram e  such t h a t  A s i t s  a t  
th e  o r i g i n ,  u h i l e  p l i e s  on th e  z a x i s *
(2n )J  ,
F ig u r e  A 2 . 1 .
U i t h  r e f e r e n c e  t o  f i g u r e  A 2 . 1 ,  ue have : 
1 A 1 = ^  r < / r k+1 p °  ( c o s B ^
k=0
( L e g e n d re ’ s e x p a n s io n )
(A 2 .3 )
u h e re  r< i s  th e  l e s s e r  o f  r^  ancj r
r->. i s  th e  g re a te r  o f  r^  and r^
P^ is  the (non-norm alised) associated Legendre polynom ial o f  
degree k and o rd er m. (m is  zero in  expression (A 2 .2 ) ) .
Now:
OO ifc,
= <  I r </ r > M 1-]) r i >Jr 1
k=0 “0 
" t t
p° (cosB^) <B)V(©1) sinB1 d0<J
0
2rr
d* 1 ( A2- 4 )
x
i ^J o
where s u b sc rip t *yju is  surrogate  fo r  the quantum numbers d e fin in g  • 
From the o rth o n o rm a lity  o f the ijj , l/J^ is  c le a r ly  zero unless  
m = mv = m. In  th is  case, dropping the e le c tro n  s u b s c rip t u1u, 
ue have:
^  >r = \  
k=0
VP
00
R p U ) r < / r >k+1 Rr ( r )  r 2 dr
x j <B> (B) P°k (cosB) 0 V,(B) sinB d8
Jo
oc
k=0
where:
= ^  * r p  ^  ^ >m) ( A 2,5)
i ( k - | m - m | ) f
C (lu ,my,lv-,mv) = -------- 5=---------
[(k+  lm -mv| )!
fn
43
<B> (8 ) p jm'"-ra''1 (cosB) <0) ( 0 ) sinB d8
(k-|mu-mv|)j (21 +1) (1  - Jnyl )j (2l r+1) (1„-|mj )j ]*
F  ) '
(k+|m u-mv| )J 2(1^+ |m^ i )l 2 ( ly  + |my-i ) !
+1
p W (x) p (x) pl™,! (x) dx (A2.7)
■M
Employing S la te r  r a d ia l  fu n c tio n s , defined  by expression ( A 2 . 2 ) ,  and 
making the s u b s titu t io n s :
K =
(2 l.u ) 2n^ '  ( 2 ^ ) 2ny+1
(2n )] (2n„)!
= 1 + 1.V
equation  (A2.6)  becomes:
7^  (njj » nv* > t>v-, r ) = K 1/ r
frk+1 j p N+k -Z rr  e dr + r
‘0
N-k-1 - Z r  . i e dij
(A 2 .8 )
r r N+k n
■«l  . t v i n : ^ j . - •-a> f  < * * > > •
[ r p 1 1 = 0  j
r k (N-k-1 ) l e ' 2rf N^ - 1 . . I
  <  ( 21 r i ) / i !  I
<  ' p '1=0 j
(A2.9 )
uhere the in te g r a l  id e n t i t ie s  given in  Appendix 4 (s p e c i f ic a l ly  expressions  
(A4.2)  and ( A4 . 3 ) )  have been used in  o b ta in in g  (A2.9)  from ( A2* 8 ) .
I n  MOREG, uhere the valence s h e ll o f each atom has on ly  one 
p r in c ip a l quantum number ( i . e *  n^ = nir = N /2) and one S la te r  exponent
( i . e .  t  = i y  = Z /2 ) ,  the expression fo r  K s im p lif ie s :
K = ZN+1/Wj
l<
Supplied u ith  N, Z and r  , subroutine LOADRK c a lc u la te s  R , from *
P 9
equation  ( A 2 . 9 ) ,  fo r  a l l  req u ired  values o f k . N.B. the p ro p e rtie s
ko f C (see belou) determ ine th a t the i n f i n i t e  summation in d ic a te d  by
expression (A2.5 )  is  tru n cated  a t  k = 1 + 1%,.p y
Expression (A2.7)  fo r  may be eva luated  using the form ula o f  
Gaunt^221* 230^:
(+1
i P i ( x )  PV( x ) pu (x)  dx = ( " ♦ “ ?! (2s-2n)isi--------------
m (m -v )l(s -l)!  (s-m)! (s-n)J (2 s + l)]
x <  ( _ ) t   [ l+ u + t]!  f r+ n -u -t ] ! ---------------  ( f l2>10)
^  M !  [ i - u - t ] j  [ m - n + u + t j  [ n - u - t ] l
u h e re :  s = 2  (1 + m + n )
and t  ru n s  o v e r  a l l  v a lu e s  f o r  u h ic h  th e  q u a n t i t i e s  i n  s q u a re  b r a c k e t s  
a re  g r e a t e r  th a n  o r  e q u a l  t o  ze ro  i . e .  v a lu e s  f o r  u h ic h  th e  f a c t o r i a l s  
have a m ea n in g . E q u a t io n  (A 2 .1 0 )  o n l y  h o ld s  i f :
. . .  . . . even
(1 ; s is  an in te g e r  i . e .  (1 + m + nj is  a n ^ in teg er.
(2 )  u = v + u
(3 )  m ^  n
(4 )  m + n ^ l ^ m - n
I n  e v a lu a t i n g  th e  i n t e g r a l  i n  e x p r e s s io n  ( A 2 . 7 ) ,  one f i r s t  o f  a l l  sees
u h e th a r  c o n d i t i o n  ( 1 ) i s  met i . e .  t h a t  1 + k + 1,, i s  e ve n .  I f  n o t ,p v
th e  i n t e g r a l  i s  z e r o .  I f  so ,  th e n  one t r i e s  t o  a r ra n g e  ( 1 ^ ,  |m 1 ) ,
( k ,  Im -m^l ) and ( l y , !mvr| ) b e tuee n  ( l , u ) ,  (m ,v )  and ( n , u )  so t h a t  
c o n d i t i o n s  ( 2 ) ,  (3 )  and (4 )  may be s im u l t a n e o u s ly  m e t.  I f  t h i s  i s  n o t
p o s s ib le , then the in te g r a l  is  ze ro . O therw ise, form ula (A 2 .10 ) is  
employed u ith  the arrangement fo r  uhich the co n d itio n s  are met*
The C , as defined  by equation  (A2*7 ) ,  and ta b u la te d  fo r  s , 
p and d o r b i ta ls  in  ta b le  A 2 .1 , d i f f e r  from those defined  by S la t e r ^ ^ ^  
by the absence o f the fa c to r  + |nVl -■»,)+ u ith
the AO’ s d e fin ed  by ( A2* 1 ) ,  th is  fa c to r  is  unrequ ired* The e x te n t o f  
ta b le  A2*1 is  l im ite d  by the id e n t i t ie s :
k k k
C ( l M,m ^ ,lv.,mir) = C ( l y ,my ,l^ ,m ^ );  and C ( l ^ , n y l y ,my) = 0 fo r  k > 1 + l y .
Subroutine PROBE in  MOREG, uhich re q u ire s  the \/P^ fo r  the c a lc u la t io n
o f V and £p0j> c a lc u la te s  the VP^ from expression ( A2 . 5 ) ,  using values
o f R , supp lied  by subroutine LOADRK, in  con junction  u ith  d ir e c t ly
kin s e rte d  num erical values fo r  the C • Once the subm atrix , co n ta in in g
a l l  the elem ents, V*3 , u ith  0  and 0 .r centred  on the same atom, haspv rJJ v
been c a lc u la te d  fo r  the re fe ren ce  frame in d ic a te d  in  f ig u re  A 2 .1 , i t  is  
ro ta te d  to the m olecular frame using a tran s fo rm atio n  m atrix  c a lc u la te d  
by subroutine  HARNTR.
Table A2 .1 c^Oypiy J y, ^ v )  for s, p, d  Electrons
my m v
k
0 1 2 3 4
ss 0 0 1 0 0 0 0
sp 0 ±1 0 V x 0 0 0 .
0 0 0 V x 0 0 0
pp + 1 ±1 1 0 — V S 0 0
±1 0 0 0 V x l 0 0
±1 T1 0 0 - V x l 0 0
0 0 1 0 V X s 0 0
sd 0 ±2 0 0 V x 0 0
0 ±1 0 0 V x 0 0
0 0 0 0 V x 0 0
pd ±1 ±2 0 V h I 0 — V>245 0
±1 ±1 0 V H  5 0 — V / 2 4 5 0
±1 0 0 - V x l 0 V 1X ‘is 0
±1 T 1 0 0 0 - V 30A  45 0
±1 + 2 0 0 0 V * H as 0
0 ±2 0 0 0 V * M 4 5 0
0 ±1 0 V h I 0 V 2H 4 5 0
0 0 0 V J u 0 V 2X4~o 0
dd ±2 ±2 1 0 - V h I 0 V T i l i
±2 ±1 0 0 V h I 0 ~ V h 4 i
±2 0 0 0 - V h I 0 V l H *  1
±2 + 1 0 0 0 0 — V S?^ 41
±2 + 2 0 0 0 0 V 7% 4X
± 1 ±1 1 0 V x l 0 - V ' H n
+ 1 0 0 0 V i u 0 V 3H *  1
±1 + 1 0 0 — V h I 0 - V ' H t l
0 0 I 0 V h I 0 V ZH.4X
Nole : In  cases where there are two ±  signs, the two upper or the two lower signs 
must be taken together.
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APPENDIX 4.
ONE-CENTRE INTEGRAL EVALUATION.
The most convenient c o -o rd in a te  system fo r  these in te g ra t io n s  is  
a s p h e ric a l p o la r  system, ( r ,  8, 0 ) ,  centred on the nucleus in  q u estio n . 
AO’ s $  , ^  and J[f are a l l  centred on th is  nucleus. Use is  made
P
o f the fo llo u in g  id e n t i t ie s :
poo
i P -Z r  r  e dr =
iP+1
(A4.1)
lOU
p - Z r  pr  e dr = —c-p+1 1 -  e
-Za 71 1Z a
i=0
(A4.2)
r P e-Z r  dr = _sL e-Za /  £J_
ZP+1 V n i1 = 0
(A4.3)
(a)  K in e tic  energy in te g r a ls .
2 \These have the form <(ju|-JV I v y  . For the on e-cen tre  case, i t  is
(222)convenient to express the Lap lac ian  as :
.2v2 = - i - i 2 .-J-x o  ( r -  n
2 r 2 r dr
(A4.4 )
uhere X is  the angular momentum o p e ra to r. Only the f i r s t  term in  th is
expression acts  on the angular fa c to r  o f 0y, and th is  leaves i t  unchanged
2
since Pnr is  an e ig en fu n ctio n  o f • Hence:
<ju ( - 2 ^ |v > > = 0 unless 1^ = ly  and = m^ _.
In  the case uhen $ and 0^ have the same angular fu n c tio n , then the  
angular fa c to r  in  the in te g ra t io n  is  u n ity , le a v in g  the r a d ia l  f a c t o r :
(A4.5)< M |- f \rV >  = f  R (l y  l^ r 2* ' 1  ^ Ry r 2 dr
°c r  2 r 2 r  dr
Assuming the  S la te r  form (see equation (AL2)) fo r  the r a d ia l  fu n c tio n s  
ue have:
R ly  ( + 1) p dr -  - y^  ^v *  ^   ^ f  r n/*+nv~2 — (^ j+^v ):2 r2 * _ 2 t *  J . dr
(A4.6)
»0°
and / R ( -u . 2- -4  r) Rv r2 dr = - t  / r"'"1 s'Vr. I  ^  (rn^ e'^) r2
P 2 r  dr - v  2 J0 r  dr
k
= -
2
<V K  -  1 ) j[  r rV,+ 'v - 2 e- ^ / * + ^ ) r  dr 
-  2 t y  ny e - f o + t r ) * dr
V
ry.*nv - t v r  dr
UO
uhere:
yv
(2  ^ ) 2rV*+1 ( 2 W )2rV+1
(2n,u)J (2nv)! ,
(A4.7)
(A4.8)
Hence:
pv
l y ( V + 1) -  n y (n ^ -l) n^+ny-2 e- ( t / i + l)y )r dr
+ V  n , T  ;r n^ nr -1  e- ( ^ . * t v ) r
-  i t 2 f  r rV'+'v  e- ( V + L , ) r  d r
Using ( A4 . 1 ) :
< p |-J V 2|v^  = k‘JJV
1V ( V + 1 )  -  ny ( rV ‘"  ^) ( n/ut+nv.-2 )  I
( ^ +6 , ) f> +n- 1
. t  n (n ^ + n V -1 ) | (n « + n * ) !
**■ u  v  1 “
(t)/U+V)n^+n^ 2 (t +t*)riM + rV+1 ,
(A4.9)
I n  v a le n c e -o n ly  MO c a lc u la t io n s , $  and ^  may not have the same angular  
fu n c tio n , u ith o u t in  f a c t ,  being the same fu n c tio n . P u ttin g  n^ = n^ = n; 
1 = 1^ =1 and 1)  ^ = t>v = £ in  ( A4 . 9 ) ,  ue g e t, fo r  the d iagonal elem ents:
= •<
l ( l +D - n( n - l )  (2n-2)l  £  n <2 n - l ) j
2 (2 £ )2n_1 (2&)2n
_ 4 t 2 (.2n) 1
( 2fo 2n+1 
f,2
(1 (1 + 1) + 2 n) (A4.10)
n (2 n -1 )
(b ) Nuclear a t t r a c t io n  in te g r a ls .
O ne-centre nuclear a t t r a c t io n  in te g ra ls  have the form |-Z /r |v y > ,
where Z is  the charge o f the nucleus in  q uestion . Since the o p era to r
acts  on ly  on the r a d ia l  p a r t  of  J0y., the in te g r a l  is  zero unless $  and
P
have the same angular fu n c tio n . In  th is  case, the angular fa c to r  in  
the in te g r a l  is  u n ity , so th a t:
<0J I - Z / r  IlP> = J°R^ ( - z / r )  Ry r 2 dr
= -  Z I R R  ^ r  dr (A4.11)
Jo ^
I n  the case uhen the r a d ia l  fu n c tio n s  have the S la te r  form , ue have:
<p |-Z/r |v> = -Z k T dr
uhere k is  defined  by ( A 4 . 8 ) .  Using ( A 4 . 1 ) ,  ue get:
(nw+nw.- l ) l
^ j | - Z / r | u >  = -  Z k ■ ■ f  ■ ■■• (A4.12)
Only the d iagonal elements are non-zero in  va len ce -o n ly  c a lc u la t io n s .  
P u ttin g  n^ = n^ = n and t) = = ta, ue get:
< j j | - Z / r | ^ )  = -  Z V n  (A4.13)
(c)  T u o -e le c tro n  in te g r a ls .
U ith  re fe re n c e  to  f ig u r e  A 4 .1 . and m aking use o f  th e  Neumann
F ig u re  A 4 .1 .
. ( 456)e x p a n s i o n  , ue  may e x p r e s s  t h e  i n t e r a c t i o n  o f  e l e c t r o n s  1 an d  2 a s :
12 k=0 m=-k
(k -  jml )l 
(k+ \ml )!
r< lm[ * » [mi / _ . im (0 ,  - $ ? )
P[< ( c o s B ^  p kl ( c o s B 2 ) e ^
( A4 . 14)
u h e r e :
r< i s  t h e  l e s s e r  o f  r^  and r 2 
r^  i s  th e  g r e a t e r  o f  r^  and r ^
p j m^ i s  an a s s o c ia te d  Legendre  f u n c t i o n  o f  deg ree  k and o r d e r  [mi •
I n  th is  s e c tio n , each AO, jZf^ , assumes the im aginary form:
^ (1 ) = R ( r  ) p^m^  (cosB ) e^m^
P p t z  M 1 1/u. v V
i"V 0 i
u h e r e :
( 21^ + 1 ) ( ip -  M  ) [
(A4.15)
(A4.16)
2(1 + M  )l
The re a l AOf s or in te g ra ls  th e re o f used e lseuhere may be re tr ie v e d  by 
ta k in g  the a p p ro p ria te  l in e a r  com binations. The tuo e le c tro n  in te g r a l  
req u ired  is :
iJ  0 * (  1) J ^ (1 ) l / r 12 (2 ) j £ ( 2 )  d t , dT.
>TT
co
( k -  lm! ) j  
(k+ N  )!k=0 m=-k
rr 2 TT
( 2 )  s i n B  dB
B„=0
lm! !mvI 
k Pl y
e“ i  (ny -m v - m ) ^ j
2rr
ei(roA-nV-m)fcd^
/^2=°
- s
( y v U ' V " ^  <
&  c ( y  y  y m , , . )  C ( l ^ , r a A
m -m.
( A 4 . 1 7 )
K
uh e re  t h e  C a r e  d e f i n e d  by e q u a t i o n  ( A 2 , 7 ) ,  and
k
y o  RV ( 1 )  f iA (2 )  Rrf( 2) y  r 22 d r n d r 2n  =
r  »f(i ? m->? dr
k-1 X1
r  =0 r l
/ r  = r' 1 2
r 2=0
k+?
RX ( 2 )  Rt f ( 2 )  r 2 ^ d r 2
R ( I )  Rr ( D  ^k+2 d r ,
V °
V 2) dr2 (A4.18)
k-1 r  = r  r  2 1 2
Assuming t h e  S l a t e r  f o r m  f o r  t h e  r a d i a l  f u n c t i o n s ,  ue have:
* k = y ( Rh  + r i 2 }
uh e re  k^^. i s  d e f i n e d  by e q u a t i o n  ( A 4 . 8 )  and:
(A 4 .19)
Rh  =
ny + ny.—k— 1 -  (ty, + l y ) r dr.
r i =0
' r  = r  2 1
r 2=°
n^+n^+k -(£>A+ k * ) r  
2 e 2
f?I« = n» + nv +k - ( L + ! y ) r'2 / *1 
^ = 0
Plaking the  s u b s t i t u t i o n s :
dr . nA+rv-k-1 b-(K+W)p dr_
jL t
2 ‘ 1
these  i n t e g r a l s  become:
fr ?= r i
R I ,  =  I r i rJ>“ k- 1 e " z i r ' dPi
■T =0 
1 r 2=°
d r 2
f\L+k i  i
r  Nl- k. i  - z, ri —
W2+k+1 / P1 e
2 UO i= 0
2 ./ Z^r,
„ .  . - * ■ »  ^
0
(using A4.2)
(f\l2+ k ) [  ( r ^ - k - 1 )!  V ?  Z2 ( N T - k - 1+ i ) !
( — r r * '  -  >  - 7 -------------- m tttt) (A4 .20)N^+k+l f^ -k  j f^ » k + i ‘
2 1 i= 0  x ’ U 1+Z2 ;
(using A4.1)
\bo
OT r* N i+ k  ~ z i r i ^ /  r y - k - 1  -Z? r2 ,r i 2 = I r 1 e d r1 /  r 2 e di*.
i -i \ I / N_-k-1 _,i i(No—k**1) / m i  -7 -7 2 Z2 r,* 1 l\li+k -Z i r, v -Z? ri \ .r .  e (e *  >   —  ) dr,
Z /  1 ^  i *2 </r =0 i=0
N*-k j 1 ^  i }  1
(using A 4 .3)
(A 4 .21 )
( r ^ - k - D !  rj2 > k- 1 z i  ( N i + k + . j .
Z2fV' k ^  11 (Z1 + Z2) fJ,+k+i+1
(using A4.1)
In  IND0/5R, expression (A4,17) is  eva lu a ted , u i th  the assumption o f  
S la te r  r a d ia l  fu n c t io n s ,  by fu n c tio n  REPEX*. Supplied u i th  n, 1 , m 
and t  fo r  each AO, REPEX uses fu n c t io n  CK to eva luate  the C'C and 
functions  RI1 and RI2 to eva luate  the terms RI^ and RI^ in  expression  
(A4.19) f o r  Rk .
Ue may consider as sp ec ia l  cases the rep u ls io n  in t e g r a ls ,  (^ u lv v )  
and the exchange in t e g r a ls ,  (jJvljJV-). Expression (A4.17) becomes,
00
(jjylviF) -  F C ( l  ,m ^ ,l  ,m^)  ^ l y » my)
k=0
(A4.22 )
uhere: pee
Fk = K k =
R vO )
1=0 r i
“t—7 d r -i k-1 1
r  =r  2 1
r =0 2
Ry2 (2 ) r k+2 dr2
1=0
d  ^ k+2R (1) r .  d r .
j j  x '  1 1
/o° 2 v
M 2 )
k-1 d r2 (A 4 .23)
r  = r  2 2 1
Assuming the S la te r  form fo r  the r a d ia l  fu n c t io n s , (A 4 .23) becomes:
F = k k , (RI + RI )
JJjJ VT 1 2
uhere expression (A 4 .20) becomes:
(A 4 .24)
R I.  =
(2ny+k)l ( 2 r y - k - l ) l  2n^ k ( l ^ ) 1 ( 2 n ^ -k -1 + i ) i
1 ( 2 L ) 2 rv + k + 1  ( 2*6 ) 2r> " k i= 0 i !  (2t +2V)2n^ k+i
J
(A 4 .25)
and expression (A4.21) becomes:
(2nv-k-l)l 2nv-J^1 ( 2 l v ) :i (2nv+k+i)j
RI2 = —  
( 2 k )
2n^-k , =0 i !  ( 2t  +2 ^ ) 2 ' * + l‘+ i * 1
(A 4 .26)
Supplied u i th  tt^, i)^, ny and t>v , fu n c t io n  FK in  IND0/5R c a lc u la te s  Fk 
according to equation (A 4 .2 4 ) .
In  the case o f  the exchange in t e g r a ls ,  expression (A 4 ,1 7) becomes: 
y
(jjv|yjv) = Gk (Ck ( l  ,m , l y ,mv ) ) 2 (A 4 .27)
k= Im -m I 1 y  V 1
uhere:
Gk = ftk =
v °  r i
R/,(1)RV(1)
 ;— :------k-1 1
f r  = r  2 1
r 2=0
Ru<2) R„(2) r k+2 d r2
k+2R (1) RV(1) Y  dr.,
R „(2 )RV(2 )
k_ 1 dr2 (A 4 .28)
' r f  0. 2= r ! 2
Assuming th e  S l a t e r  form  f o r  th e  r a d i a l  f u n c t i o n s ,  ( A 4 .2 8 )  becomes:
Gk = k 2 (R I ,  + R I2 ) (A 4 .29)
Raking the s u b s t i tu t io n s  N = n^ + n^ and Z = expression (A4.20)
becomes:
N+k .
PT _ (N+I<)i / ( N-k-1 )! ^  (N -k -1 + i ) !  v
1 1 "  z N+k+1 z N~ k ’  <  i !  ( 2 Z )N“ k+i
N+k
= (^+k )
„N+k+1 /
i= 0
(" y £ ir ^  -  1/ ( 2 Z ) N- k ^  '^ k' l * 1?!) («4-30)
and expression (A 4 .21) becomes:
N-k-1 .
= (M -k -1 )! z i  (w+k+i)!
2 z rj~k M  i !  (2 Z )N+k+i+1 
N-k-1
_ ( N -k -1 )!  ( N+k+i)S
2 fJ+k+1 2N+1 ^  j i
1=0
( A4.31)
Supplied u i th  n^, 1)^, n^ and t y ,  function- GK in  IND0/5R c a lc u la te s  Gk 
according to equation (A 4 .2 9 ) .
APPENDIX 5.
EVALUATION OF ONE-CENTRE INTEGRALS UITH NUMERICAL AO’ S.
For each p o in t ,  i ,  in  the mesh o f  numerical va lues, ue may associate
a r a d ia l  c o -o rd in a te ,  r . ,  r a d ia l  fu n c t io n  values, P ( r . ) ,  an i n t e r v a l ,
1 P  1
A i  (de fined  in  chapter 6) and values o f  the double d e r iv a t iv e  o f  the
r a d ia l  fu n c t io n ,  P.1, f ( r . ) ,  uhere:P i
P “ ( r . )  = 
jj v i'
P ( r .  ) -  P ( r . )  P ( r . )  -  P ( r .  )g 1+1 JJ l '  j j v 1 ' jjv i - 1 '
r .  , -  r .
i + 1  l
r .  -  r .  .l  i - 1
A i
-1 (A 5 .1 )
3y this d e f i n i t i o n ,  ) i s  unknoun fo r  i  = 1, since r^ = 0 .  I t  i s
knoun a t  the e f f e c t i v e  asymptote, i  = a^, provided ue q u ite  reasonably  
se t P ( r  . )  = P ( r  ) = 0*0000.y  y 1 /  V
(a ) K in e t ic  energy in t e g r a ls .
For c a lc u la t io n s  on is o la te d  atoms, ue only re q u ire  the diagonal
,2ielements, . From (A4.5 ) ue have:
o 1 (1 . + 1)
= J ( -Ji-Jj i  r  — -  r )  R r  dr  
' d r2’ f
i  ( i  +d  r p2
= J* r  - £  dr -  i
2 Jo r
6o
P P*» drr r
Converting to numerical form:
= 2  1  ^ (1 + 1) A i  -  i  p C ^) Py,'(ri ) A i
-*  ^ r ~* i=2
(A 5 .2 )
aB  p2. ( r J
i=2 l
I t  u i l l  be noted th a t  the i  = 1 term has been ommitted in  both 
summations. In  the case o f the f i r s t  summation, th is  may be j u s t i f i e d  
by a tuo p o in t  argument:
2 2 2(1 ) The in te g ran d ,  / r  , i s  equal to  R •
(2 ) i s  on ly  non-zero a t  r  = 0 fo r  an s o r b i t a l ,  but fo r  an s 
o r b i t a l ,  1 = 0, so the term is  zero anyuay.
In  the case o f  the second summation, the fa c to r  P in  the in tegrand  
ensures th a t  the i  = 1 term, fo r  uhich r  = 0, i s  zero ,
(b) Nuclear a t t r a c t io n  in t e g r a ls .
For c a lc u la t io n s  on an is o la te d  atom, ue are only  in te re s te d  in  
the diagonal elements, j - Z / r j , From (A 4 .1 1 ) ,  ue have:
= - z
v
°° P
0 r
Converting to numerical form:
a p 2 /  \
<^ j J -  Z / r  | jj^ > = -Z  <T^ (A 5 .3 )
i=2  r i
2
I t  i s  j u s t i f i e d  to omit the i  = 1 term, since p / r  = P R , and
r  y y
P (0 )  = 0.
y
(c ) Slater-Condon parameters.
From e x p re s s io n  (A 4 .22) ue have:
uhere:
3 A
f tk (A ,a ,B ,b )  = ^ - i - T A .  r j k A j  (A 5 .5 )
• * r .1=1 l  3=1
(uhere x is  the le s s e r  o f  i  and b ) .  
and:
H 2 (A ,a ,B ,b )  = r^ .A^ A j  (A5*6)
i=1 j= i+ 1  r j
(uhere y i s  the le s s e r  o f  a and b -  1 ) .
The diagonal terms, fo r  uhich j  = i ,  in  expression (A 5 .5 )  have the form 
A. . . .  A. B. A . 2
■jbr . A - . B , . r . kA -  = 1 1 1k+1 i  i  *-tLr . r .l  i
Since A ( l i k e  B) i s  the product o f  tuo r a d ia l  fu n c t io n s ,  each o f  the  
form Rr, the diagonal term is  zero fo r  i  = 1, This term, the on ly  one 
in  summation (A 5 .5 ) fo r  uhich i  = 1, may th e re fo re  be ommitted* The 
fa c to r  r  ensures th a t  a l l  terms u i th  j . =  1 and i > 1  are a lso zero .
The uorking vers ion  o f expression (A 5 .5 ) is  th e re fo re :
Rk (A ,a ,B ,b )  = ^  A i  A  EL r j k A .  (A 5 .7 )
i= 2  r i  j=2
For very s im i la r  reasons, the working vers ion  o f  expression (A 5 .6 )  i s :
y  ^  B.
} ^ ( A ,a ,B ,b )  = >  A. r i k/ i i >  — ^ A .  (A 5 .8 )
i=2  j= i+ 1  r j
From e x p re s s io n  (A 4 .26 ) ue have:
uhere a
+ ^ 2 ( pPpv » a< ' y ^ ' a<) (A5- 9)
a
y
z i s  the le s s e r  o f   and a . < u V-
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APPENDIX 7
EQUALITIES IN  THE ONE-CENTRE TUO-ELECTRON INTEGRALS,
The purpose o f  th is  appendix i s  to prove the e q u a l i t ie s  betueen 
non-zero, tu o -e le c t ro n  in te g r a ls  which are i m p l i c i t  in  ta b le  ( 6 , 1 ) .  The 
m a jo r i ty  o f  the i d e n t i t i e s  make use o f  the f a c t  th a t  coulombic in t e r a c t io n  
energy, being a s c a la r ,  i s  r o t a t io n a l ly  in v a r ia n t .  I f  charge d is t r ib u t io n s  
p^ and p^ i n i t i a l l y  r e fe r re d  to frame e, when in s tead  re fe r re d
to frame e , adopt the fu n c t io n a l  forms p p  and p p , r e s p e c t iv e ly ,E F G H
then we have (AB(CD) = (EF|GH). The basis vectors c o n s t i tu t in g  the  
two re fe ren ce  frames are re la te d  by the r o ta t io n a l  tensor R:
e. = R. . e .  (E in s te in  no ta tio n  used),
i  i j  J
Proof o f  the i d e n t i t y  o f  (AB|CD) and (EFj GH). amounts to the s p e c i f ic a t io n  
o f  R. The r o t a t io n a l  tensors used in  proofs here are numbered in  ta b le  
A7.1. The i d e n t i t i e s  es tab lish ed  using these tensors are l i s t e d  in  ta b le  
A7.2. The remaining i d e n t i t i e s  are es tab lished  below.
ICODE = 9 INTEGRALS.
In  ta b le  A7.2, in te g r a ls  136, 253, 435 and 703 are shown to be equal 
I t  remains to show th a t  in t e g r a l  66 i s  id e n t ic a l  to these. By equation  
(A 4 .2 7 ) ,  i n t e g r a l  66 takes the form:
CO
( d ^ s l d ^ s )  = < G ^ d (Ck ( '2 , 0 ,0 , 0 ) ) ;
k=0
From ta b le  A2.1, C ( 2 , 0 , 0 , 0 )  is  zero unless k = 2, when i t  equals /1  / 5 . 
Hence:
(b 2 s|d 2 s) = 1 /5  G^  , v z 1 zz sd
In  order to develop in t e g r a l  136 in  terms o f Slater-Condon param eters,  
i t  i s  f i r s t  necessary to expand d in  terms o f  the complex AO’ s:
. _ Rn ,2  ^ , 1  , ia- - i j j .  1 / .  \  . „ .
xz / T  *  E J 2  ( l n»2 >1) - + ln»2,-1>) (fl * 1)
Hence:
(dxzS K z S) = *  ( ( n , 2 , 1 ; n » , 0 , 0 | n , 2 , 1 ; n ’ , 0 , 0 )  +
( n , 2 , 1 j n ’ , 0 , 0 | n , 2 , —1j n 1, 0 , 0 )  + ( n , 2 , —1j n ’ ,0 ,0  | n , 2 , 1 j n ' , 0 , 0 )  +
( n ,2 , —1 Jn1, 0 , 0 j n , 2, — 1 j n 1, 0 , 0 ) )  (A 7 .2 )
Using the f a c t  th a t
n2 9 "^2 * m2 I ^3 *^3*m3* n4>^4>^4 ^
— v i"*<j»1 ^  > ^ 2  * ^ 2  * ^ 2  ^ 3 f  3 * *^3f  *"*4 * ^"4, ^ 4
-  r>2 9 ^2 * “ m2 I n3 ' ^3, *’ I^13 , n4 * ^ 4  * "*^4  ^  
expression (A 7 .2 )  reduces to:
(dxzS |dxzS) = +
( n , 2 , 1 ; n ’ , 0 , 0 | n , 2 , - 1 ; n » , 0 , 0 )  (A 7 .3 )
According to expression (A 4 .1 7 ) ,  the second term on the RHS o f  (A7.3)  
i s  zero:
( dxzs ! dxzs) = ( n»2 >1 j n ’ > ° > ° ln»2 »1 ?n ’ »0 »°)
= S  Gkd (Ck ( 2 , 1 , 0 , 0 ) ) 2 = 1 /5  G^d 
k=1
= ( d ^ s j d ^ s )
ICODE = 14 INTEGRALS.
In  ta b le  A7.2, in te g r a ls  211, 379, 631 and 991 are  shown to be 
equal.  I t  remains to show th a t  in t e g r a l  106 is  id e n t ic a l  to these.
By equation (A 4 .2 2 ) ,  in t e g r a l  106 becomes:
( d ^ d ^ j s s )  = Ck ( 2 , 0 ,2 ,0 )  Ck ( 0 , 0 ,0 ,0 )
k=0
= F° sd
U sing  e q u a t i o n  ( A 7 , 1 ) ,  i n t e g r a l  211 becomes:
( dX2dX2 l ss) = 2 ( ( n> 2 , 1 ; n , 2 , 1 | n , , 0 , 0 ; n l , 0 , 0 )  +
( 2  , 1 f n ,2  , —1 ,J n * , 0 , 0  \ n * , 0 , 0 )  + ( n , 2 , —1 j n , 2 , 1  j n* , 0 , 0 $ n ’ , 0 , 0 )  + 
( n , 2 , - 1 ; n , 2 , - 1 J n ’ , 0 , Q j n * , 0 , 0 ) )
= ( n , 2 , 1 ; n , 2 , l | n , , 0 , 0 ; n , ,0 ,0 )  +
( n>2 ,1 ; n , 2 , - 11  n * . , 0 , 0 ; n ! , 0 , 0 )
Using (A 4 .1 7 ) ,  th is  becomes:
( dX2dX2l ss) = ( n» 2 , 1 J n , 2 , 1 1 n 1, 0 , 0 j n 1, 0 , 0 )  
oo,
= >  Ck ( 2 , 1 , 2 , l )  Ck ( 0 , 0 , 0 , 0 )
k=0
= Fsd = td22d2J l SS)
ICODE = 17 INTEGRALS.
To prove the i d e n t i t y  o f  in te g r a ls  557, 641, 857 and 1001, and 
to shou th a t  these are equal to minus in t e g r a l  116, in te g r a ls  116, 557 
and 641 u i l l  in  tu rn  be expanded using equation (A 4 .1 7 ) .  I n t e g r a l  
116 becomes;
o o
( d ^ d ^ j d ^ s )  = <> & k Ck ( 2 , 0 ,2 ,0 )  Ck ( 2 , 0 ,0 ,0 )
k=0
= 2 / /2 4 5  JC 
In t e g r a l  557 has the form:
(dxa_ya.dzZ ( dxa s) = 2 ( ( n ,2 ,2  j n ,2 ,0  | n,2 ,2  J n1, 0 , 0 )  +
( n ,2 , 2 Jn ,2 , 0 Jn,2 , —2 j n 1, 0 , 0 )  + ( n , 2 , —2 j n , 2 , 0 j n , 2 , 2 j n * , 0 , 0 )  + 
( h» 2 , —2 j n ,2 ,0  j n, 2, —2 j n ! , 0 ,0 ) )
= ( n , 2 , 2 ; n , 2 , 0 | n , 2 , 2 ; n , , 0 , 0 )
%k Ck ( 2 , 2 , 2 , 0 )  Ck ( 2 , 2 , 0 , 0 )
k=2
= -  2 / /2 4 5  J12 = -  ( d ^ d ^ l d ^ s )
In t e g r a l  641 becomes:
( dxz dxa •l ( s) = i  ( ( n» 2 , 2 j n , 2 , 2 | n , 2 , 0 ; n ’ , 0 ,0 )  +
( n ,2 , 2 j n , 2 , —2 j n , 2 , 0 j n * 0 ,0 )  + ( n , 2 , —2 j n , 2 , 2 j n , 2 j 0 j n * , 0 ,0 )  +
( n, 2, — 2 J n, 2 , —2 j n, 2 ,0  j n1, 0 , 0 )  )
= ( n» 2 ,2 ;  n , 2 , 2 1 n ,2 , 0 j n ’ , 0 ,0 )
= >  R  C ( 2 , 2 , 2 , 2 )  Ck ( 2 , 0 ,0 ,0 )
k=0
= -  2 / /2 4 5  R2 = -  ( d ^  dzt | d ^  s)
ICODE = 18 INTEGRALS.
In te g r a ls  231, 406, 666 and 1035 are shoun to be equal in  ta b le  
A7.2. I t  remains to be shoun th a t  in t e g r a l  120 is  id e n t ic a l  to  these,  
by expansion in  terms o f  Slater-Condon parameters:
( d ^ d ^  I d ^ d ^ )  = S  Fkd (Ck ( 2 , 0 , 2 , 0 ) ) 2
k=0
= F° d + 4 /45  FL  + 35/441 Fdd
neanu h ile , dropping p r in c ip a l  quantum number, n, from the re p re s e n ta t io n  
o f  in te g r a ls  over complex AO’ s, in te g r a l  231 becomes:
(dxzdx z l dxzdxz ) = 1 /4  ( ( 2 , 1 ;2,11 2 , 1 ; 2 , 1 ) + ( 2 , 1 ; 2 , 1 | 2 , 1 ; 2 , - 1 ) +
( 2 , 1 ;2 ,1 1 2 , - 1 ; 2 , 1 )  + ( 2 , 1 ; 2 , 1 12 , - 1 ; 2 , - 1 ) + ( 2 , 1 ; 2 , - 1 12 ,1 ; 2 , 1 )  +
( 2 , 1 ; 2 , —112 , 1 ; 2 , - 1 )  + ( 2 , 1 ; 2 , - 1 12 , - 1 ; 2 , 1) + ( 2 , 1 ;2 , -1  [ 2 , - 1 ; 2 , - 1 ) +
( 2 , - 1 ; 2 , 1 | 2 , 1 ; 2 , 1 )  + ( 2 , - 1 ;2 ,1 1 2 ,1 , -2 , -1 )  + ( 2 , - 1 ; 2 , 1 | 2 , - 1 ; 2 , 1 )  +
(2 ,  — 1J2,1 [ 2 , —1 J2 , —1) + ( 2 , —1 J2 , —1 12 , 1 J2 ,1 )  + (2 ,  —1J 2 ,—1| 2 , 1 j 2 , —1) +
( 2 , - 1 ; 2 , - 1 | 2 , - 1 ; 2 , 1 )  + ( 2 , - 1 ; 2 , - 1 | 2 , - 1 ; 2 , - 1 ) )
= J ( ( 2 , 1 ; 2 , 1 [ 2 , 1 ; 2 ,1 )  + ( 2 , 1 ; 2 , 1 [ 2 , - 1 ; 2 , - 1 ) +
(2 ,1  j 2 , - 1 12 , 1 ; 2 , - 1 ) )
= i S  C ( 2 , 1 , 2 , 1 )  (Ck ( 2 , 1 ,2 ,1 )  + Ck( 2 , - 1 , 2 , - 1 ) )  +
k=0
OO ,
i  <  Gdd (Ck ( 2 , 1 , 2 , - 1 ) ) 2 (A 7 .4 )
k=2
Using the f a c t  t h a t  Ck ( l , m , l ’ ,m’ ) -  Ck ( l , - m , l * , -m ’ ) and Gk = Fk ,
dd dd
(A 7 .4 ) becomes:
co, oo^
d^xzdx z | dxzdX2^  = Z  Fdd (Ck( 2 , 1 , 2 , D ) 2 + Fkd (Ck( 2 , 1 ,2 , - 1 ) ) '
k=0 k=2
= Fd d + 1/49 FL  + 16/441 F1 *
i  (6 /4 9  F2d + 40/441 F4rf)
= F°d + < / «  F2d + 36/441 F ^
= ( dz^ dz- |  dz^ d z,  )
ICDDE = 19 INTEGRALS.
A l l  the req u ired  e q u a l i t ie s  between the in te g r a ls  o f  th is  type  
fo l lo w  i f  we can show th a t  in t e g r a l  409, which equals minus in t e g r a l  
412, i s  equal to  minus in t e g r a l  128, Operating on the AO’ s appearing
in  in t e g r a l  409 w ith  r o t a t io n a l  tensor 7, we f in d :
(dxi -y ^ s| pxpx) = *  (dxzsl pxpx + 2 pzpx + pzpz ) (fl7>5)
P e rfo rm in g "s im ila r  operations on the AO’ s appearing in  in t e g r a l  412, 
we f in d :
(d ,  <2. s I p p )  = i  (d sip p -  2 p p + p p )  (A 7 .6 )x^-y l y y ■ xz I x x  z x z z
S ubtractin g  equation (A7.6) from (A 7 ,5 ) ,  we get:
(d a cls[p p ) -  ( d i  * s |p  p ) = 2 (d s p p ) (A 7 .7 )v x - y f x x ' x - y  I y y xz ■ z x
B u t,  f rom  t a b le  A 7 .2 , ue have:
(d % o,s|p p ) = -  (d *  , s | p  p ) x - y 2, 1 x x x -y r  -I y y
In s e r t in g  th is  e q u a l i ty  in to  (A 7 .7 ) ,  ue obta in:
(d * .  - s |p  p ) = (d s l p p )x -y^ I x x xz I z x
ICODE = 20 INTEGRALS.
The i d e n t i t y  o f  in t e g r a ls  143 and 437 fo l lo u s  in  a s im i la r  uay 
to the above i d e n t i t i e s  betueen ICODE = 1 9  in t e g r a ls .  Using r o t a t io n a l  
tensor 7, ue f in d :
( dx * - y * Px l PxS  ^ = ^ ( dX2f r z  + Px> K Pz + (A7.B)
( ^ . ^ P y l P y 5) = i  ^ X2(PZ " PX1 | (P2 *  Px]  S) (A7 ' 9 )
S ubtrac t in g  (A 7 .9 )  from (A 7 .8 ) ,  ue get:
( V - V ^ p j v 0 -  K * - v* Pv l PVS) = ^ x . P v K O  + ( dv rP> * S) ( fl7- 1° )x - y  xi x x y  y 1 y xz x l z xz z' x
Houever, from ta b le  A7.2 ue have:
(d p |p s) = (d p Ip s) xz z 1 x ' xz x 1 z
and (d ^ iP  Ip s) = -  (d , p | p s) x ->r- y> y . v x - y z x 1 x '
In s e r t in g  these e q u a l i t ie s  in to  (A7.10) ue ob ta in :
( V - y * px l pxs) = (d xzpx l pz s)
ICODE = 22 INTEGRALS.
The i d e n t i t y  o f  in te g r a ls  465 and 153 fo l lo u s  in  the same uay as
used to  e s ta b l is h  i d e n t i t i e s  u i th in  the ICODE = 1 9  in te g r a ls  and ICODE =
20 in t e g r a ls .  Operating on in te g r a ls  465 and 496 u i th  r o t a t io n a l  tensor
7, and adding, ue f in d :
( d ,  ,p  Id * ,p ) + (d , , p  |d - ,p  ) =' x - y 2- x ‘ x - y 1 x ' ' xr-y^ y 1 > r -y  y
(d p |d p ) + (d p Id p ) (A 7 .11)xz x 1 xz x' xz z 1 xz z
However, f rom  t a b le  A7.2 , ue have:
(d p Id p ) = (d p Id p )xz z l xz z xz x 1 xz x'
and (d ,  , p  | d ,  2p ) = (d , „p |d „ _ p )  x - y y 1 x -y *  y x^-y2- x 1 x - y 2 x
In s e r t in g  these e q u a l i t ie s  in to  (A7.11) ue obtain;
(d 2 , p  I d ,  , p  ) = (d p | d p ) x -.yr’ x' x^ -y1 x ' v xz x 1 xz x
ICODE = 23 INTEGRALS.
The i d e n t i t y  o f  in te g r a ls  171, 271 and 513 remains to be e s ta b l is h e d .
The e q u a l i ty  o f  in te g r a ls  171 and 271 fo l lo u s  very simply from the i d e n t i t y
d p = d p .xz y yz x
uhich is  c le a r  from the fu n c t io n a l  forms o f  the AO’ s. Operating on
in te g r a ls  513 and 520 u i th  tensor 8, ue get:
( d j ,  A P | d p ) = i  ( d p I {d + d 1 {p + p l )  (A 7 .12)x -y 2- z* xz x xy zl 1 xz yzJ  ^ x y
and (d , ,p  Id p ) = J (d p | { - d  + d 1 f -p  + p 1 ) (A 7 .13)xJ - y i  z 1 yz y xy zl  ^ xz yz) L x y)
S ubtractin g  (A 7 .13) from (A 7 .1 2 ) ,  ue get:
(d ,  -^ P |d p ) -  (d ,  ,p  |d p ) = (d p Id p ) +' x - y *  z* xz x' >c-yz z 1 yz y xy zl xz y
(d p Id p ) (A7 .14)xy z 1 yz x
However, from ta b le  A7.2, ue have:
(d ,  , p  |d p ) = -  (d i  2P |d p )x -> r  z ‘ yz y x -y  z 1 xz x
and (d p |d p ) = (d p Id p ) = (d p Id p )' xy z 1 yz x yz x 1 xz y' xy z 1 xz y
Using these e q u a l i t ie s  in  equation (A 7 .1 4 ) ,  ue ob ta in :
(d 2 o p Id p ) = (d p | d p )x ->r z ‘ xz x' xy z 1 xz y'
= (d p Id p )yz x 1 xz y
= (d p I d p )xz yl xz y
Hence in te g r a l  513 is  id e n t ic a l  to in t e g r a l  171.
ICODE = 26 INTEGRALS.
The outstanding i d e n t i t y  between in te g r a ls  206 and 221 may be 
estab lish ed  by expanding each according to equation (A 4 .1 7 ) .  In te g r a l  
206 becomes:
ICODE = 28 INTEGRALS.
The i d e n t i t y  o f  in te g r a ls  213 and 633 fo llo w s  in  the same way as 
th a t  o f  the ICODE = 22 in t e g r a ls ,  153 and 465, e s tab lish ed  above* 
Operating on in te g r a ls  633 and 636 w ith  r o t a t io n a l  tensor 7, and adding, 
we f in d :
(dxzdz* | d xzs) = i  ( (2,1;2,0|2,1;0,0) + (2,1;2,o|2,-1;0,0) +
( 2 , - 1 ; 2 , 0 | 2 , 1 ; 0 , 0 )  + ( 2 , - 1 ; 2 , o [ 2 , - 1 ; 0 , 0 ) )  
= ( 2 , 1 ; 2 , 0 ) 2 , 1 ; 0 , 0 )
£
eo
= S  R k Ck ( 2 , 1 ,2 ,0 )  Ck ( 2 , 1 ,0 ,0 )  
k=1
= 1 / /2 4 5  R2
In t e g r a l  221 becomes:
(dx2dx z l dz - s) = 4  ( ( 2 , 1 ; 2 , 1 | 2 , 0 ; 0 , 0 )  + ( 2 , 1 ; 2 , - 1 | 2 ,0 ; 0 , 0 )  +
( 2 , - 1 ; 2 , 1 j 2 , 0 ; 0 , 0 )  + ( 2 , - 1 ; 2 , - 1 | 2 , 0 ; 0 , 0 ) )
= (2 , 1 ;2 , 1 | 2 , 0 ;0 , 0 )
k=0
^ x ^ - y 1 dx'a’- y 2'I pxpx^  + ( dx * - / dx * - y * l pypy)  
( dxzdx z Ipxpx  ^ + ^dxzdx z IPzPz^ (A 7 .15 )
However, from ta b le  A7*2, we have:
(d d Ip p ) = (d d Ip p )
XZ X Z 1 Z Z XZ X Z 1 X X7
and ( d ,  2 d 2 j p  p ) = (d 5 .  d a , I P P )x2 - y 2 x2- y a I y y x -  y2 x - y 2 | y y
Employing these e q u a l i t ie s  in  (A 7 *1 5 ) ,  ue have
( d a a d ? 2 I P P ) ~ ( d d I p p )x^-y2 x1 - y l r  x x xz x z 1 x x
ICODE = 31 INTEGRALS.
The i d e n t i t y  o f  in t e g r a l  293 and 454 fo l lo u s  in  the same uay as
th a t  o f  the ICODE = 23 in t e g r a ls ,  271 and 513, es tab lish ed  above.
Operating on in te g r a ls  454 and 490 u i th  tensor 8 , and s u b tra c t in g ,  
ue f in d :
(d a 2 P Id p ) -  (d p |d p ) = (d p Id p ) +x - y 2 x' xz z xa- y 2 y 1 yz z xy x 1 yz z
(d p Id p ) (A 7 .16)xy y ' xz z
Houever, from ta b le  A7.2, ue have:
(d p Id p ) = (d p Id p ) = (d p Id p )xy y« xz z yz y* xz x xy x' yz z
and (d , a p Id p ) = -  (d p Id p ) xz -y 2 yl yz z xa -y a x ‘ xz z
Employing these e q u a l i t ie s  in  (A 7 .1 6 ) ,  ue have:
(d 2 p Id p ) = (d p Id p )x2 - y 2 xl xz z xy x 1 yz z
= (d p Id p )yz yl xz x
ICODE = 3 2  INTEGRALS.
Operating on in te g r a ls  569 and 604 u i th  r o ta t io n a l  tensor 8 , and
su b tra c t in g ,  ue f in d :
(d a 2 d Ip p ) -  (d .  - d |p p ) = (d d Ip p ) +
x2-yz xz1 z x x^-y2 yz' z y xy x z 1 z y
d |P P ) (A 7 .17)xy yz' z x7
Houever, from ta b le  A7.2, ue have:
(d d Ip p ) = (d d Ip p ) = (d d Ip p ) 
xy yz1 z x yz xz1 x y xy xz1 z y
Employing these e q u a l i t ie s  in  (A 7 .1 7 ) ,  ue have:
( d a d | p p ) = ( d d | p p )  xa - y 2 x z ‘ 2 x xy X 2 1 2 y
= (d d I p p ) 
y2 X21 x y
Hence, the i d e n t i t y  o f  in te g r a ls  569 and 356 is  e s ta b l is h e d .
ICODE = 33 INTEGRALS.
Operating on in te g r a ls  595 and 630 u i th  tensor 8 , and adding
f in d :
(d , _d Id a ' d ) + (d a 2d Id d )
x^-y2- X2‘ x -y2 X2 x -y2 y2l x -y2 y2
= ( d  d Id d ) + ( d  d Id d )
xy X21 xy X2 xy y21 xy yz
Houever, from ta b le  A7.2, ue have:
(d d Id d ) = (d d Id d ) = (d d Id d )
xy  y z 1 xy  yz yz x z 1 yz xz xy X2l xy X2
and ( d 2 2d id a d ) = (d * d Id d )x - y 2 y 2  1 x - y 2 yz x - y 2 X2 1 xa - y 2 X2
Employing these e q u a l i t ie s  in  (A 7 .1 8 ) ,  ue have:
(d a ad Id , a d ) = (d d Id d )x * - y 2 X2 1 y r - y 2- xz xy x z 1 xy  X2
= (d d Id d )yz x z1 yz xz
Hence, the i d e n t i t y  o f  in te g r a ls  595 and 378 is  e s ta b l is h e d ,
ICODE = 34 INTEGRALS.
Operating on in te g r a ls  651 and 658 u i th  tensor 8 , and adding
f in d :
(d a j, d a J d  d ) + ( d z 2 d a | d d )
x - y 2 x -y 1 X 2  X 2  x -y2 x2-y2 ' yz yz
= (d d |d d ) + (d d Id d )
xy xy1 X2 X2 xy xy1 y2 yz
Houever, from ta b le  A7,2, ue have:
, ue
( A 7 • 18 )
, ue
(A 7 .19 )
(d d Id d ) = (d d Id d ) = (d d Id d )xy xy' yz yz yz y z 1 xz xz xy xy 1 xz xz '
and (d a d . z I d d ) = ( d a a d a - I d d )x^-y2, x - y z * yz yz x -y a x xz xz
Employing these e q u a l i t ie s  in  (A 7 .1 9 ) ,  ue f in d :
(d d .  - I d  d ) = (d d Id d )x^-y2- x2 - y 2 l xz xz xy xy> xz xz
= (d d Id d )yz y z 1 xz xz
Hence, the i d e n t i t y  o f  in te g r a ls  651 and 399 is  e s ta b l is h e d .
ICODE = 35 INTEGRALS.
Operating on in te g r a ls  577 and 617 u i th  tensor 8, and s u b tra c t in g ,  
ue f in d :
(d  ^ -d Id s) -  (d - xd Id s) = (d d Id s) +x - y2- xz* xz >r - y  yz* yz xy x z 1 yz
(d d - Id s) (A 7 .20)xy y z 1 xz
Houever, from ta b le  A7.2, ue have:
(d d Id s ) = ( d  sld d ) = ( d  d |d s)xy yz* xz xy * yz xz xy x z 1 yz
and (d - ,d  Id s) = -  (d ,  , d Id s)x2- y 2 y z 1 yz x^-y2 x z 1 xz
Employing these e q u a l i t ie s  in  (A 7 .2 0 ) ,  ue f in d :
(d 2 d | d s) = (d d Id s)xz - y 2 x z 1 xz xy xz * yz
= (d s I d d )xy * yz xz
Having es tab lish ed  the id e n t i t y  o f  in te g r a ls  577 and 693, i t  remains
to shou th a t  these are equal to in t e g r a l  427. Operating on in t e g r a l
693 u i th  r o t a t io n a l  tensor 5, ue f in d :
(d s l d  d ) = 2 (d - ^ s | ( d  f  d ) (d -  d ) )xy 1 yz xz x^-y2 * xz yz xz yz'
= 2 ( ( d *  a s ld  d ) + ( d ^  2 s|d d ) )  (A 7 .21)x - y  1 xz xz x - y2 * yz yz
Houever, from ta b le  A 7.2 , ue have:
(d a 2 s j d d ) = ( d 2 2 sl d d )' xz - y 2 * yz yz x2 - y 2 I xz xz
Employing th is  i d e n t i t y  in  equation (A 7 .2 1 ) ,  ue f in d :
(d  s jd  d ) = (d  a ,  s id d )
xy  I yz  xz  x - y 2 I xz  xz
ICODE = 36 INTEGRALS.
Operating on in te g r a ls  716 and 753 u i th  r o ta t io n a l  tensor J
adding, ue o b ta in :
(d pjd p ) + (d p | d a p ) = ( d 2 p I d 9 p ) -  xy y z1 x xy x 1 z2 y x2- y 2 x 1 z2 x
(d a p Id _ p )x2 -y 2 y 1 -f- y
Houever, from ta b le  A7.2, ue have:
( d p I d , p  ) = (d p I d ,p  )xy xl z2 y xy y 1 z2 x
and ( d - 2 p I d _ p ) = -  ( d ,  ,p  | d , p  )x - y 2 yl z2 y x2 - y 2*x l z2 x
Employing these e q u a l i t ie s  in  equation (A 7 .2 2 ) ,  ue f in d :
( d p I d p ) = (d ,  , p | d . p )xy y 1 z2 x x2 - y 2 xl z2 x
Hence, the i d e n t i t y  o f  in te g r a ls  753 and 447 is  e s ta b l is h e d .
ICODE = 37 INTEGRALS.
Operating on in t e g r a l  825 u i th  tensor 5, ue f in d :
(d d - | p p ) = J ( d 2 d ,  I (p + p ) ( p  -  p ) )xy 2T 1 y x x - y  z2 1 x y x • y ' '
-  i ( ( ^ 2  ^ d - J p p  ) -  ( d ,  _ d _ | p p ) )x2-y *  z2 | x x ' x - y 2 z2 1 y y
Houever, from ta b le  A7.2, ue have:
( d a i d  « |p  p )■= -  (d ,  2d ,  I p p )x - y  z2 l y y x2- y 2 z ' x x
Employing th is  e q u a l i ty  in  equation (A 7 .2 3 ) ,  ue o b ta in :
(d d J p  p ) = ( d ,  i d J p  p )xy zZI y x x -y  zx I x x
Hence, the i d e n t i t y  o f  in te g r a ls  825 and 521 is  e s ta b l is h e d .
, and
(A 7 .22)
(A 7 .23)
ICODE = 38 INTEGRALS.
Operating on in t e g r a l  847 u i th  tensor 5, ue f in d :
(d d ^ l d  d ) = J (d a . d  |(d  + d  ) ( d  -  d ) )xy z21 yz xz x2 - y 2 z2 1 xz yz xz yz
= 2 ( (d  z - d . l d  d ) - ( d _  _ d _ [ d d ) )x^-y2 z2 1 xz xz ' >?-y2 z2-! yz yz
(A 7.24)
Houever, from ta b le  A7.2, ue have:
(d a d d ) = -  (d a _ d _ | d  d )x - y 2 z21 yz yz x - y 2- z2 1 xz xz
Employing th is  e q u a l i ty  in  equation (A 7 .2 4 ) ,  ue o b ta in :
(d d - |d d ) = (d rj 2 d I d d ) xy zz 1 yz xz x2 - y2 z2 1 xz xz
Hence the id e n t i t y  o f  in te g r a ls  847 and 549 is  e s ta b l is h e d .
ICODE = 40 INTEGRALS.
Operating on in te g r a ls  887 and 923 u i th  tensor 5, and adding, ue 
ob ta in :
(d d Id d , ) + ( d  d Id d ) = (d  ^ d Id d ) -xy x z 1 yz z1 xy y z ‘ xz z2 7 v x2-^ 2 x z 1 xz z2-
(d a ad Id d , )  (A 7 .25 )x2- y 2 y z 1 yz z1
Houever, from ta b le  A7.2, ue have:
(d 2 zd I d d ) = - (d a zd Id d , )x - y z y z 1 yz z2 x - y 2 x z 1 xz z2
and (d d |d d ) = (d d Id d )xy y z 1 xz z1 xy x z 1 yz zJ
Employing these e q u a l i t ie s  in  expression (A 7 .2 5 ) ,  ue have:
(d d |d d 4 ) = (d 2. z d Id d , )xy xz ■ yz z x - y z x z 1 xz zr
Hence the i d e n t i t y  o f  in te g r a ls  887 and 581 i s  e s ta b l is h e d .
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Table (A?.2) Integral (W) is rotated by R into (fV).
icoaEtn) n.
2
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3
3
4
4
5
5
6 
6 
7
9
9
9
IU
11
14
14 
14
15 
19 
19
- 1 9  
18 
1B 
1 B 
- 1 7  
- 17  
20 
20 
20 
20 
20 
-2 0  
21 
22 
22 
22 
22 
22 
22 
23 
23 
23 
23 
23
23
24
25
10
26
16
46
21
55
36
45
48
51
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253
435
703
82
91
379
631
991
111
240
671
412
406
666
1035
857
1001
173
283
304
743
707
469
290
190
300
325
741
780
496
276
528
798
003
820
520
313
334
(n)
( P y s l P y s )
( P 2* | P ZS)
( P y P y | 8 S )
( P 2 P 2 | s s )
(p p ip p )
y y> y y 
( p zp 2 | p zP z )
<p 2p x i p zp x} 
^PzPy l PzPy) 
( pzPz l PxPx ) 
(Pzp 2 l p yp y)
( d ^ s j p y P y )
(d s Id s)  
yz 1 yz
( d  x  % s  !d 2 X s ) v xl - y r 1 x — y
Id s Id s)'  xy 1 xy
i d zZPy| Py s ;
( d ztP.y ld2»Py)
I ss)
I ss)
• “ Y 1
(d' xy xy
( ' V W y 1 
<d„  5 l p zp y’ 
( d«y, l p yp x)
( d x x - y * * l p , p . )
(d d I d d ) 
yz yz1 yz y z '
(d , , d ,  , I d  , d  a , )x1 - ^  x^-y3 ! x1 - y 1 x - y 3
(d d I d  d ) xy x y 1 xy xy
(d d *. I d s)  
xy z 1 xy
l d xydx y l d zi s )
<dxzPz l PxS>
( d  d yz yz
(d • --  r  x2 y
d | ss )
(d p IP 
yz y 1
(d p |p s)  '  yz z* y
( d  p IP s)  '  xy y* x
(d p IP s)  xy xl  vy
p..1pv5)
(d P | d , , P , )  yz y 1 z z
(d p |d p )'  xz z* xz z '
‘ V y l W
' V « I V « >
(d p Id p )' xy x* xy x
^dxyPy l dxyPy^
^d xa -  y1 P y I d x3 - y 5 p y ^
^d yzPx l dyzPx)
( d xa - y j P z ' dx3 - y l P z )
(d p Id p )'  xy z 1 xz y
(d p Id p )'  xy z 1 yz *
l d xyP2 j PxyPzl
(dxX_y3Pz i PyzPyl
(d p Id _p )' yz z 1 z* y
(d d a IP P )'  yz z 1 z y
R r,’
1 3
2 3
1 4
2 4
1 6
2 6
3 15
4 15
3 18
4 18
1 58
1 135
7 136
3 136
1 68
1 7B
1 211
7 211
3 211
1 109
1 128
3 ‘ 120
1 409
1 231
• 7 231
3 231
5 557
5 641
2 143
1 143
6 143
4 14 3
3 143
1 437
1 150
2 153
1 153
1 153
3 153
4 153
1 465
1 171
7 171
2 271
6 271
2 171
1 513
1 183
1 198
(pxS|Pxs)
(p P | ss )
X X I
^ p x p x l p x p x }
( p p IP p ) ' Hy x 1 y x
n
( P y P y l P X P X )
(dzlslpxpx)
( d xzSi dxz5)
d^zaPxl Pxs; 
( d z2p xl d z l px)
( d  d | ss )
' xz x z 1
(dz*dzal PxPx)
(dxz^ pzpx)
It
- l dx = - / 5| p xpx)
{d d I d  d ) 
xz xz!  xz  xz
(<W dza l dx’ - r s)
^xzPxlPzS)
■^xa-y3PxlPxS)
' V x l V ^ 1
( dxzPx l dxzPx }
( d ^ y a P j  V _ yS° x} 
( dxzPy l dxzPy)
(d p I d  p ) yz x 1 xz y
( d p I d p ) 
xz y1 xz y
■^dx1_y»pz!dxzpx)
( d  p I d  ,P  ) 
X Z  Z 1 Z X
<‘W l P.Px)
Table A 7 .2 .  ( c o n t . )
i c o d e ( pi) PL (n)
26 347 < V r > l  V >
26 3B9 <dy z V I V s)
27 351 (d d , I d  d * )  yz zl I yz z
2B 220 (d d | P , P , )  '  xz xzl z z
28 384 ^d d IP P ) '  yz yzl  y y
28 38B (d d Ip P ) '  yz yz'  z z
26 993 (d d |p P ) '  xy x y l ' x ' x '
28 996 ( d . y ' i « y l py ° y )
2B 636 ( W ^ I V y ’
29 301 ‘ V y I l c * P* )
29 640 <dx ' - y ' d*’ - y ’ l ° z p z )
29 1000 (d d | P , P „ )  '  xy x y 1 z z
30 393 . • (d d Id - d  a ) '  yz y z 1 z1 z
. 31 726 (d p Id p )  xy x'  yz z
31 760 ( d»yPy l dx ! Pz )
-31 4 90 K ' - f Py I V z >
32 870 (d d Ip P ) '  xy xzl  z y
32 911 (d d IP P ) '  xy yzl  z x
- 32 604 (d ,  2 d 1 p P ) x -y^ yzl  z y
33 903 (d d Id d ) ' xy xz 1 xy xz
33 946 Id d | d d ) v xy yzl  xy yz
33 630 (d , , d | d  - , d ' xJ - y 1 yz'  x ' - y 1 yz
34 1011 (cl d | d d ) xy xyl xz xz
34 1018 (d d | d d ) '  yz yzl xy xy
34 658 I d  ,  , d ,  ,  | d d ) '  x — y ** x3 - y 3 ' yz yz
35 434 (d ^  ,  s I d d ) '  x - y  1 xz yz
- 3 5 617 ( d s Id ,  ,  d ) '  yz 1 x - y 3 yz
35 883 ( d  s Id d ) '  yz 1 xy xz
35 919 <d«z*  ldxydy l >
- 3 6 478 <d * ‘ - y * py l ' V Py)
36 7 S3 < V y l dz ' p * )
- 3 7 534 <d* > - y ' dz> lpypy )
- 3 8 556 (d ,  , d  ,  id d ) '  x3 - y *  z 1 yz yz
39 061 (d d ,  Id d » ) '  xy t  1 xy z
- 4 0 621 (d ,  , d  Id d , )  x - y  y z I  yz z
40 923 (d d |d d 3) '  xy yz 1 xz z*
41 1005 ( d xydx y l CV tV :)
- 4 2 771 ( V y l V - y ^ x 5
-4 3 937 ( d xydyz 'dx3 - y l d x z ]
R_ HI (HI)
1 206 ‘ dxzdz’ ldxzS)
1 221 ldXZdxz l 'V S)
1 210 (d d . I d  d ) v xz z1! xz z3
2 213 I d  d I p  p ) '  xz xzl X  X
1 213
ft
6 213
ft
•3 213
M
4 213 ft
1 633 (dxX-y*dx=-y=lPxPx)
1 216 <dxzdx2!PyPy>
7 216
If
3 216
fl
1 225 (d d Id  j  d j ) ' xz xz1 zJ zJ
6 293 (d  p Id p ) yz yi xz x
2 293
ft
1 454 -<d,x-y>PxldxyPy)
2 356 (dy2dxylPxPy>
3 356
If
1 569 -^dx1-yadxziFZPx)
2 370 id  d Id  d ) v yz xzj yz xz
3 370
n
1 595 (d .  3 d  |d 1 j d  )' x* - y *  xz 1 x -yl xz
2 - 399 (d d 1 d d ) '  y z  yzl  xz  xz
3 399 ft
1 651 ( d  3 . d 3 Jd d )' x -y* xa -y2! xz xz
1 427 (d 3 - s l d  d ) '  x — y 1 xz xz
1 577 -  ( d  s|  d 3 j d ) '  xz 1 x* -yJ xz
2 693 ( d  s l d  d ) xy  1 y z  xz
3 693 11
1 447 ^ dx3 - y ’ Px l d z ’ Px )
1 716 ( d x y Px l d z’ Py }
1 531 - < d * * - / d z‘ l P* Px )
1 549 - < d x * - y * d z‘ l d x * d x r )
5 561
1 501 — ( d « 3 d  | d d ,  ) '  x?- y  xz l  XZ z
1 887 <d x y d x z l d y z d zJ
5 645 l d x * - y ‘ d x * - y ‘ | d ! ' d z * *
1 734 - ( d  p id 1 iP )v x y  xl  x * - y 3 y
1 896 - ( d  d | d ,  ^ d  ) v x y  xz l  x3 - y 3 yz
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